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spaces in the granule. 

The second material can be sorbed into the granules by using 
a vacuum to draw a gas phase comprising the second 
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can be sorbed into the granules by dissolving or dispersing 
the second material in a liquid solvent, contacting the 
solvent with the granules, and evaporating the solvent, 
whereby the second material is sorbed into the granules. 
Various second materials can be used, such as energetic 
materials and fuels. 
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PROCESS FOR MAKING AN HMX 
PRODUCT 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This patent application claims benefit of U.S. provisional 
application 60/135,970, filed on May 26, 1999. 

FIELD OF THE INVENTION 

The invention relates to processes for producing HMX 
(1 ,3,5 ,7 -tetranitro- 1 ,3,5,7 -tetraazacyclooctane), processes 
for producing intermediates that can be used to produce 
HMX, and compounds and compositions produced by vari- 
ous of these processes. 

BACKGROUND OF THE INVENTION 

HMX (l,3,5,7-tetranitro-l,3,5,7-tetraazacyclooctane), 
also referred to as octogen or 
cyclotetramethylenetetranitramine, is a highly energetic 
material that is useful in various explosives and propellants 
for military and non-military applications. HMX is recog- 
nized as one of the most powerful nitramine explosives, and 
is used as the benchmark for all other explosives. 

HMX is known to exist in four different crystal structures 
or polymorphic forms — alpha, beta, gamma and delta. Of 
these polymorphs, it was long believed that the beta form 
was the least sensitive and most stable, and thus the beta 
polymorph has been the most widely used form of HMX. 
The alpha and gamma polymorphs have commonly been 
dismissed as too dangerous for use due to greater sensitivity, 
and the delta polymorph is so unstable that it is of no 
commercial significance. 

Despite its superior energetic properties, HMX has not 
been widely used as an explosive due to difficulties in 
large-scale production and excessive manufacturing costs. 
The first known process for the manufacture of HMX, the 
Bachmann process, was developed in the 1940’s. The Bach- 
mann process involves nitrolysis of hexamine (also known 
as hexamethylenetetraamine) with a mixture of nitric acid 
and a large excess (e.g., 20-fold) of acetic anhydride. HMX 
is produced as a by-product or contaminant along with a 
greater amount of another explosive, RDX (hexahydro-1,3, 
5-trinitro-l,3,5-triazine). The Bachmann process typically 
provides yields of 80-84%, of which only about 10-40% is 
HMX, based on the methylene content of the feed. When 
fully optimized for HMX, the maximum reported yield of 
HMX per mole of hexamine feed is about 64%. Due to the 
inefficiencies in the process, and the large amounts of 
hazardous waste materials produced, it is not appropriate for 
large-scale industrial production. 

Other synthetic routes for making HMX have been 
proposed, involving various intermediates. One such inter- 
mediate that has been used to produce HMX is DAPT 
(3,7-diacet yl-1, 3, 5,7-tetraazabicyclo -[3.3.1] -nonane). 
DAPT is generally made by reaction of wet hexamine and 
acetic anhydride. One problem common to all methods of 
manufacturing DAPT is the massive amount of heat gener- 
ated by the reaction. Because DAPT in solution will decom- 
pose rapidly at temperatures ranging from about 20-120° C., 
depending on pH, it is necessary to remove heat from the 
reaction mixture and thus keep the temperature low. In 
effect, the rate of DAPT production is typically limited by 
the capacity of the reaction apparatus to withdraw heat by 
means of heat exchangers or the like. Due to the extremely 
exothermic nature of this reaction, in practice the rate of 



2 

addition of acetic anhydride to the hexamine has been kept 
very low, so the rate of heat generation is kept at manageable 
levels. As a result, the time required to synthesize a given 
amount of DAPT is quite long, and the cost is relatively 
5 high. One method proposed for dealing with the tremendous 
amounts of heat generated by the reaction is to mix ice and 
water with hexamine to create a slurry, and then add acetic 
anhydride to the slurry. (Lukasavage U.S. Pat. No. 5,246, 
671.) Suitable temperatures for this reaction slurry are 
10 described as ranging from -18° C. up to 120° C. 

Another intermediate that can be used in the production of 
HMX is TAT ( 1 ,3 ,5 , 7 - te t r a ace t y 1 - 1 ,3 , 5 , 7- 
tetraazacyclooctane, also known as 1, 3,5,7- 
tetraacetyloctahydro-l,3,5,7-tetrazocine). TAT can be pre- 
15 pared by heating DAPT with acetic anhydride under 
anhydrous conditions, but the yields from this process have 
been poor. Another process used to prepare TAT involves 
reacting DAPT with acetic anhydride, acetyl chloride, and 
an alkanoic acid salt such as sodium acetate, under anhy- 
20 drous conditions. (Siele U.S. Pat. No. 3,979,379.) However, 
this process uses a large excess of acetic anhydride, thus 
making it relatively expensive. Yet another process that has 
been used to make TAT involves reacting DAPT with acetic 
anhydride in the presence of a metal acetate under anhy- 
25 drous conditions at temperatures of 100-125° C. 
(Surapaneni U.S. Statutory Invention Registration H50.) 
However the reaction conditions and yield that have been 
reported for this process indicate that it is not economical for 
commercial use. 

30 HMX can be synthesized by nitrolysis of TAT, using nitric 
acid and dinitrogen pentoxide or phosphorous pentoxide, at 
temperatures ranging from room temperature up to 400C. 
(Lukasavage U.S. Pat. Nos. 5,124,493 and 5,268,469.) This 
process too, however, has not seen acceptance on a large 
35 production scale due to the economics involved. 

SOLEX (l-(N)-acetyl-3,5,7-trinitro- 

cyclotetramethylenetetramine) is another nitra ine 
explosive, which is a byproduct of the nitration of TAT to 
4() form HMX. SOLEX is relatively stable, having twice the 
impact resistance of RDX, is easily isolated, and can be 
produced using far less nitrating agent than is required for 
the direct preparation of HMX from TAT. 

One process that has been described for the production of 
45 SOLEX involves adding TAT to a solution of 98% nitric acid 
and phosphorus pentoxide at a temperature between 20-45° 
C. (Lukasavage U.S. Pat. No. 5,120,887.) The purity and 
product yields from this method are reported to be quanti- 
tative. Significantly, however, this method requires an 
so excess of nitrating agent, i.e., 7.5 grams of nitric acid per 
gram of TAT used, which makes the process relatively 
expensive. The SOLEX can be converted to HMX by 
treatment with strong nitric acid. 

Beta-HMX has been widely used as an explosive, despite 
55 the difficulties and expense involved in its manufacture. One 
specific form that is sold is referred to as Class 5 beta-HMX 
(defined as particulate beta-HMX of which 98% by weight 
will pass a 325 mesh (44 fim) sieve). Class 5 beta-HMX can 
be sold for a higher price than coarser beta-HMX products, 
go but is also more difficult to make. Usually it is made by first 
forming larger beta-HMX particles, and then either grinding 
them in a water slurry or “sand blasting” them against a hard 
surface, whereby the desired finer beta-HMX particles are 
produced. This procedure is troublesome and relatively 
65 expensive. 

Recently it was discovered that alpha-HMX can be pro- 
duced that exhibits less sensitivity to impact than beta- 
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HMX. (Lukasavage U.S. Pat. No. 5,268,469.) Production of 
this polymorph at a reasonable cost on a large scale would 
be advantageous as it would be useful as a substitute for the 
beta-HMX used in existing explosive formulations. 

Another problem in the prior art involves making durable s 
shaped articles that contain explosive materials. Such 
articles typically comprise both an explosive substance and 
a binder, the latter giving the composition the physical 
characteristics needed to retain the desired shape. However, 
such binders or other additives dilute the explosive power. 10 

A long-standing need exists for an improved process for 
making HMX, and improved HMX compositions and 
articles that exhibit desirable stability, impact sensitivity, 
and explosive properties. A particular need exists for an 
improved process for making alpha-HMX that is relatively 15 
impact-insensitive. 

SUMMARY OF THE INVENTION 

One aspect of the invention is a process for making a 
3,7-dialkanoyl- l,3,5,7-tetraazabicyclo-[3.3.1]-nonane. The 2Q 
process comprises the steps of: 

(a) dissolving hexamine in water, thereby forming a 
reaction mixture having a temperature of about 0-30° 

C. (preferably about 10-25° C., most preferably about 
room temperature (about 22° C.)); 

(b) cooling the reaction mixture to keep its temperature 
below about 20° C.; and 

(c) adding to the reaction mixture an alkanoic acid anhy- 
dride having the formula (RC0) 2 0, where R is straight 
chain or branched alkyl having 1-5 carbon atoms, 30 
whereby a product solution comprising a compound 
having the formula 



(I) 

R 

C=0 

I 

m 

CX J 

1 

c=o 

R 

is produced, and wherein R is as defined above. Prefer- 
ably in step (b), the reaction mixture is cooled to a tempera- 
ture between about -30 and 10° C., more preferably between 
about -15 and 5° C., most preferably at or below about 0° so 
C. 

In one preferred embodiment of this process, the alkanoic 
acid anhydride is acetic anhydride and the product solution 
comprises DAPT. It is preferred to use about 2.0-2.5 moles 
of acetic anhydride per mole of hexamine, most preferably 55 
about 2.0-2. 1 moles of acetic anhydride per mole of hex- 
amine. 

One preferred way of cooling the reaction mixture is to 
use an external cooling jacket through which a heat transfer 
fluid flows. Another way of cooling the reaction mixture 60 
involves the addition of ice (e.g., at least about 0.2 g of ice 
per g of hexamine). It is preferred to add about 0.2-5. 0 
grams of ice to the reaction mixture per gram of hexamine 
(more preferably about 0.2-1. 0, most preferably about 0.5), 
and to use about 0.5-1 .5 grams of water in step (a) per gram 65 
of hexamine (most preferably about 1.0 gram of water per 
gram of hexamine). 



35 
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The ice preferably is present in an amount sufficient to 
maintain the temperature of the reaction mixture at a tem- 
perature between about -30° C. and about 10° C., more 
preferably in an amount sufficient to maintain the tempera- 
ture of the reaction mixture at between about -15° C. and 
about 5° C., most preferably at or below about 0° C. The ice 
can be used in any of a variety of forms, such as crushed ice, 
shaved ice, block ice, and mixtures of ice and water. 

Optionally, at least some of the ice or other device to 
provide cooling can be enclosed in a container that prevents 
physical contact between it and the reaction mixture, but 
permits heat transfer with the reaction mixture. For example, 
the container can be a flexible bag made of one or more 
thermoplastic polymers, or a rigid enclosure made of one or 
more thermoplastic or thermosetting polymers. 

As another option, the ice can be pre-cooled to a tem- 
perature below about 0° C. before being added to the 
reaction mixture, preferably to a temperature below about 
-10° C., most preferably to below about -30° C. 

As alternatives to an external cooling jacket or addition of 
ice, cooling of the reaction mixture can be provided by 
cooling coils having a heat transfer fluid flowing 
therethrough, thermal control rods, and the like. 

The product solution in this process will typically com- 
prise some volatile compounds. One method of removing 
such volatile compounds comprises the further steps of: 

(d) heating the solution to at least about 40° C. and 
contacting the solution with a flow of air that is 
substantially saturated with water vapor; and 

(e) when about 50-80% by weight of the product solution 
has been evaporated, heating the solution to about 
70-150° C. and continuing to contact the solution with 
a flow of air. 

The pH of the product solution preferably is maintained 
above about 6.5 during steps (d) and (e), more preferably 
above about 7.0. In a preferred embodiment of these puri- 
fication steps, the product solution is heated to about 40-45° 
C. in step (d), and to about 130-140° C. in step (e). 

Another way of removing such volatile compounds com- 
prises the additional steps of (d) feeding a liquid stream that 
comprises the product solution into the upper half of a 
stripper column; (e) feeding a gas stream having a tempera- 
ture of at least about 120° C. into the lower half of the 
stripper column, whereby the gas stream and the liquid 
stream come into countercurrent contact in the stripper 
column; (f) withdrawing a stream comprising the compound 
having the formula (I) from the bottom of the stripper 
column; and (g) withdrawing a waste stream comprising air 
and one or more of water vapor, water, formaldehyde, and 
acetic acid, from the top of the column. In one embodiment, 
the temperature of the gas stream is about 120-130° C. In 
other embodiments, the temperature of the gas stream is 
greater than about 150° C., or even greater than about 200° 
C. Preferably the gas stream consists essentially of air, and 
the stripper column comprises packing. 

This method of removing the volatile compounds can be 
considered to provide thermal dissociation of the DAPT salt 
(e.g., DAPT acetate) that enters the upper part of the stripper 
column, thereby forming an acid and a base. The stripper 
column can optionally be operated at reduced (e.g., sub- 
atmospheric) pressure and temperature. 

One particularly preferred embodiment of this process can 
be used to make DAPT, and comprises the steps of: 

(a) dissolving hexamine in water, at a ratio of about 1.0 
gram of water per gram of hexamine, at a temperature 
of about 10-30° C., thereby forming a reaction mixture; 

(b) adding ice to the reaction mixture in an amount 
sufficient to maintain the reaction mixture at or below 
about 0° C.; 
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(c) adding about 2.0-2. 1 moles of acetic anhydride per 
mole of hexamine to the reaction mixture, whereby a 
product solution comprising DAPT and volatile com- 
pounds is produced; 

(d) feeding a liquid stream that comprises the product 5 
solution into the upper half of a stripper column; 

(e) feeding a gas stream having a temperature of at least 
about 120° C. into the lower half of the stripper column, 
whereby the gas stream and the liquid stream come into 
countercurrent contact in the stripper column; 

(f) withdrawing a stream comprising the compound hav- 
ing the formula (I) from the bottom of the stripper 
column; and 

(g) withdrawing a waste stream comprising air and one or 
more of water vapor, water, formaldehyde, and acetic 
acid, from the top of the column. 

The various embodiments of the above-described process 
can be operated safely with much greater throughput than 
prior processes. This process is especially valuable for 
producing DAPT. The increased production rate possible 
with this process significantly reduces the cost of producing 
DAPT. 

A second aspect of the invention is a process for making 
a l,3,5,7-tetraalkanoyl-l,3,5,7-tetraazacyclooctane. This 
process comprises the steps of: 

(a) reacting a compound having the formula 

(i) 

R 

C=0 



rn 




c=o 



R 
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and a catalytic amount of at least one transition metal 
oxide, thereby producing a compound having the for- 
mula 

(III) 

R 

I 

c=o 

II I I II 

R C N N C R 

L pi 

c=o 

R 

where R is as defined above. 

In a preferred embodiment of this process, each R group 
20 is methyl, the alkanoic acid anhydride is acetic anhydride, 
and the product of step (b) comprises TAT. It is also 
preferred to use transition metal oxide catalysts selected 
from the group consisting of copper oxides, iron oxides, and 
mixtures thereof. 

Preferably about 2.0-2.5 moles of alkanoic acid anhy- 
dride are used per mole of the compound having the formula 
(I), more preferably about 2. 0-2.2 moles of allanoic acid 
anhydride per mole of that compound. It is also preferred to 
use about 1. 0-3.0 moles of water per mole of the compound 
having the formula (II). 

Step (a) preferably is performed at a temperature below 
about 138° C. Most preferably, step (a) is performed at a 
temperature of about 110-120° C., and subsequently the 
temperature is raised to about 130-140° C. for a time 
sufficient to evaporate residual water, alkanoic acid 
anhydride, and other volatile compounds. 

One specific embodiment of this process makes TAT, and 
comprises the steps of: 

(a) reacting DAPT with acetic anhydride, thereby produc- 
ing a compound having the formula: 



wherein R is straight chain or branched alkyl having 1-5 
carbon atoms, with an alaoic acid anhydride having the 
formula (RC0) 2 0, where R is as defined above, or an 
alkanoic acid halide (such as acetyl chloride) having the 
formula RC(0)X, where R is as defined above and X is 
halide, thereby producing a compound having the formula: 

(II) 

R 

( :=o 

O I N 1 O 

II I I II 

R C N N C R 

I — ijt — I 

ch 2 

o 

c=o 

R 

wherein R is as defined above; and 
(b) reacting the compound having the formula (II) with 
the alkanoic acid anhydride in the presence of water 



(II) 

R 

I 

c=o 

I 

O I N 1 O 

II I I II 

R C N N C R 

UJ 

I 

ch 2 

I 

0 

1 

c=o 



wherein R is methyl; and 

(b) reacting the compound having the formula (II) with 
60 acetic anhydride in the presence of water and a catalytic 
amount of at least one transition metal oxide, thereby 
producing TAT. 

Another embodiment is a process for making TAT that 
comprises the steps of the steps of: (a) reacting DAPT with 
65 acetic anhydride; and (b) reacting the product of step (a) 
with acetic anhydride in the presence of a catalytic amount 
of at least one transition metal oxide. Preferably the product 
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of step (b) comprises TAT, and the process also includes the 
step of reacting TAT with nitric acid and either phosphorus 
pentoxide or dinitrogen pentoxide, thereby forming Hi. 

This process requires much less anhydride than prior 
processes, and therefore is more cost-effective. 

A third aspect of the invention relates to a novel inter- 
mediate that can be used to make HMX, and a process for 
making that intermediate. 

The novel intermediate is a compound having the formula 

(IV) 

R 



c=o 

I 

r-i 




c=o 



wherein R is straight chain or branched alkyl having 1-5 
carbon atoms. One such compound is l-acetyl,5-acetate 
hexamethylene tetraamine (AAHT). 

A process for making such an alkanoyl alkanoate hexam- 30 
ethylene tetraamine comprises the step of: 

(a) adding an alkanoic acid anhydride having the formula 
(RC0) 2 0, where R is straight chain or branched alkyl 
having 1-5 carbon atoms, to a slurry of hexamine and 
water, the slurry having a temperature between about 35 
-78° C. and about 0° C., whereby an alkanoyl 
alkanoate hexamethylene tetraamine is produced. 

In the presently preferred embodiment of this process, R 
is methyl, the alkanoic acid anhydride is acetic anhydride 
and the alkanoyl alkanoate hexamethylene tetra mine is 40 
AAHT. 

In one embodiment, the slurry can furter comprise ice. It 
is preferred that the temperature of the slurry of hexamnine, 
ice, and water is between about -50° C. and about -100° C., 
most preferably no higher than about -30° C. Preferably 45 
about 1. 0-2.5 moles of alkanoic acid anhydride are added 
per mole of hexamine, most preferably about 1. 0-2.2 moles 
of alkanoic acid anhydride per mole of hexamine. 

The slurry of hexamine, ice, and water can suitably be 
formed by dissolving hexamine in water, and subsequently 50 
adding ice in an amount sufficient to lower the temperature 
of the slurry to at least about -10° C. Preferably the ice is 
added in an amount sufficient to lower the temperature of the 
slurry to at least about -30° C. Optionally the ice can be 
pre-cooled to at least about -30° C. prior to being added to 55 
the hexamine and water. Preferably the slurry comprises 
about 1-5 grams of hexamine per gram of ice, most pref- 
erably about 3 grams of hexamine per gram of ice. 

One specific embodiment is a process for making AAHT 
that comprises the steps of: 60 

(a) dissolving hexamine in water, thereby forming a 
hexamine solution; 

(b) forming a slurry of hexamine, ice, and water by adding 
ice that has been pre-cooled to at least about -30° C. to 
the hexamine solution, the ice being added in an 65 
amount sufficient to lower the temperature of the slurry 

to at least about -10° C.; and 



(c) adding acetic anhydride to the slurry of hexamine, ice, 
and water, whereby AAHT is produced. 

Another novel way of preparing an alkanoyl alkanoate 
hexamethylene tetraamine comprises the steps of: 

(a) combining hexamine with water in a ratio of at least 
six moles of water per mole of hexamine, thereby 
forming an aqueous mixture comprising hexamine 
hexahydrate; 

(b) cooling the mixture to at least about -10° C.; 

(c) adding to the mixture an alkanoic acid anhydride 
having the formula (RCO)20, where R is straight chain 
or branched alkyl having 1-5 carbon atoms, with the 
mixture being at a temperature of -10° C. or lower, 
thereby producing an alkanoyl alkanoate hexamethyl- 
ene tetraamine. 

As indicated above, preferably the alkanoic acid anhy- 
dride is acetic anhydride and the alkanoyl alkanoate hex- 
amethylene tetraamine is AAHT. It is also preferred that the 
aqueous mixture is at or below about -30° C. in step (b), 
most preferably by addition of ice pre-cooled to a tempera- 
ture below about -30° C. This process can suitably use about 
2.0-2.5 moles of alkanoic acid anhydride per mole of 
hexamine, most preferably about 2.0-2.2 moles of alkanoic 
acid anhydride per mole of hexamine. Optionally, the anhy- 
dride can be pre-cooled to at least about -30° C. prior to its 
addition. 

One specific embodiment of this second way of making 
AAHT comprises the steps of: 

(a) combining hexamine with water in a ratio of at least 
six moles of water per mole of hexamine, thereby 
forming an aqueous mixture; 

(b) cooling the mixture to at least about -10° C., thereby 
forming hexamine hexahydrate; and 

(c) adding to the mixture acetic anhydride that has been 
pre-cooled to at least about -30° C. prior to its addition, 
whereby the temperature of the mixture is kept at -10° 
C. or lower, thereby producing AAHT. 

A fourth aspect of the invention relates to dialkanoyl, 
dialkanoate-l,3,5,7-tetraazacyclooctane compounds, 
wherein the alkanoyl groups each have 2-6 carbon atoms 
and the alkanoate groups each have 3-8 carbon atoms. For 
example, such compounds can have the formula 



(V) 

R 

I 

c=o 

I 

O | N 1 O 

R C N N CH 2 — O C R 

U-J 



0 

1 

c=o 

I 

R 

wherein R is straight chain or branched alkyl having 1-5 
carbon atoms. Alternatively, two R groups can be linked as 
part of a bidentate polymeric moiety. In one preferred 
compound in this class, R is methyl. 

This aspect of the invention also relates to a process for 
making such a 1 ,3,5 ,7-te traalkanoy 1- 1 ,3,5 ,7- 
tetraazacyclooctane compound, comprising the steps of. 
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(a) reacting a compound having the formula 

(IV) 

R 

c=o 

I 

m 

i 

CH 2 

0 

c=o 

1 

R 

wherein R is straight chain or branched alkyl having 1-5 
carbon atoms, with an alkanoic acid anhydride having the 
formula (RC0) 2 0, where R is straight chain or branched 
alkyl having 1-5 carbon atoms, at a temperature greater than 
about 50° C., thereby forming a compound having the 
formula 

(V) 

R 



catalysts are copper oxides, iron oxides, or mixtures thereof. 
It is also preferred to use about 24 moles of alkanoic acid 
anhydride per mole of compound having the formula (IV). 
One specific embodiment of this process comprises the 
5 steps of: (a) reacting AAHT with acetic anhydride at a 
temperature greater than about 50° C.; and (b) contacting the 
product of step (a) with water in the presence of a catalytic 
amount of at least one transition metal oxide. 

Another embodiment comprises the steps of: (a) reacting 
to AAHT with acetic anhydride at a temperature greater than 
about 100° C., thereby forming the diester derivative of 
AAHT; and (b) reacting the diester with water in the 
presence of a catalytic amount of at least one transition metal 
oxide, thereby producing TAT. 

IS Although one desirable use of this process is to make the 
diester (i.e., a dialkanoyl, dialkanoate-1, 3,5,7- 
tetraazacyclooctane) for use in making TAT or an analog 
thereof, it is also possible to stop the process at the point at 
which the diester has been formed and recover it. 

20 Among the advantages of this process is that the reaction 
can be carried out at much lower temperatures than those 
required for making TAT from DAPT. The reduction in 
temperature increases the yield as well as the safety of the 
process. 

25 A fifth aspect of the invention is a process for making a 
l-(N)-alkanoyl-3,5,7-trinitro-cyclotetramethylenetetramine 
compound. This process comprises the steps of: 

(a) combining a compound having the formula 



c=o 



1 

O I N 1 O 

II 1 1 II 


30 


R 

1 


R C N N CH 2 — O C R 

U-l 




c=o 

1 


ch 2 


35 


II 1 1 II 


1 ■ 
o 

c=o 




R C N N C- 

1 N 1 

1 



40 



c = o 

R 



(ill) 



wherein R is as defined above; and 
(b) contacting the compound having the formula (V) with 
water in the presence of a catalytic amount of at least 
one transition metal oxide, thereby producing a com- 
pound having the formula 

(ill) 



R 

c=o 




R C N N C R 

U-l 

c=o 

R 

wherein R is as defined above. As before, preferably the 
alkanoic acid anhydride is acetic anhydride, and the product 
of step (b) comprises TAT. 

Preferably the reaction of step (a) takes place at a tem- 
perature of at least about 100° C., most preferably at about 
110-120° C. The presently preferred transition metal oxide 



wherein R is straight chain or branched alkyl having 1-5 
carbon atoms, with nitric acid at a temperature between 
about 15-50° C., thereby producing a reaction mixture; and 
(b) adding phosphorus pentoxide to the reaction mixture, 
whereby a compound having the formula 

(VI) 

R 

I 

c=o 

I 

PH 

0 2 N N N N0 2 

| | 

I N 1 

I 

no 2 

is formed, wherein R is as defined above. 

As stated above, preferably each R group is methyl, and 
thus the product is SOLEX. The temperature in step (a) 
preferably is between about 20-40° C., most preferably 
about 20-30° C. It is also preferred that the weight ratio of 
nitric acid to the compound having the formula (III) is 
between about 0.5:1 to about 5:1, most preferably about 



45 



50 



55 



60 



65 
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1.5:1. (Preferred weight ratios are given for the embodiment 
where R is methyl. The preferred weight ratio would change 
if R was changed.) Preferably the weight ratio of phosphorus 
pentoxide to the compound having the formula (III) is no 
greater than about 1:1, more preferably no greater than about 5 
0.75:1, most preferably no greater than about 0.5:1. 

The rate of reaction can be controlled by controlling the 
rate of addition of phosphorus pentoxide to the reaction 
mixture, or (less desirably) by applying external cooling to to 
the reaction mixture. In either method, control can be in 
response to measurements of the temperature of the reaction 
mixture. The extent of the nitration of the compound having 
the formula (III) can be controlled by using a molar excess 
of that compound. The extent of the excess of compound 
(III) limits the extent of the conversion. 

One specific embodiment of this process produces 
SOLEX and comprises the steps of: 

20 

(a) combining TAT with nitric acid at a temperature 
between about 10-15° C., thereby producing a reaction 
mixture; and 



(b) adding phosphorus pentoxide to the reaction mixture 
at a controlled rate, whereby SOLEX is formed. 25 
This process requires much less phosphorus pentoxide 
than prior methods of making SOLEX. This aspect of the 
invention takes advantage of the fact that SOLEX is rela- 
tively stable, (having twice the impact resistance of RDX), 30 
is easily isolated, and can be produced using a far smaller 
amount of nitrating agent than is required for the direct 
preparation of HMX from TAT. Further, SOLEX can be 
readily converted into alpha-HMX, as described below. 

Another way of making such a 1 -(N)-aalkanoyl-3,5,7- 
trinitro-cyclotetramethylenetetramine compound comprises 
the steps of: 

(a) combining nitric acid and phosphorus pentoxide, 
thereby producing a reaction mixture; and 



(b) adding to the reaction mixture a compound having the 
formula 



R 

c=o 

O | N 1 O 

R C N N C R 

I— n— I 
I 

c=o 

R 



(III) 



45 



50 



55 




no 2 



(VI) 



is formed, wherein R is as defined above. 

In one preferred embodiment of this process, each R 
group is methyl, and thus the compound having the formula 
(VI) is SOLEX. Preferably the weight ratio of nitric acid to 
phosphorus pentoxide in step (a) is from about 2: 1 to about 
4:1, more preferably about 3:1. The weight ratio of nitric 
acid to the compound having formula (III) preferably is from 
about 1.5:1 to about 3.0:1, and the weight ratio of phospho- 
rus pentoxide to the compound having formula (III) prefer- 
ably is from about 0.5:1 to about 0.75:1. 

It is also preferred that the temperature of the reaction 
mixture in step (a) is about 0-30° C., and that the tempera- 
ture of the reaction mixture is allowed to rise no higher than 
about 40-68° C., more preferably no higher than about 
45-55° C. 

Another embodiment is a process for nitrating TAT com- 
prising the steps of (a) combining TAT and nitric acid to 
form a reaction mixture having a temperature of about 
15-50° C.; and (b) adding P 2 0 5 to the reaction mixture. The 
product of step (b) can comprise HMX, SOLEX, or a 
mixture thereof. The product preferably has a melting point 
of about 260-281° C., more preferably about 270-281° C. 
The extent of the nitration, i.e., whether the conversion stops 
at SOLEX, or produces a mixture of SOLEX and HMX, or 
pure HMX, can be controlled by using a molar excess of 
TAT. 

A sixth aspect of the invention is a process for making 
HMX. One embodiment of the invention produces alpha- 
HMX, and, comprises the steps of: 

(a) combining phosphorus pentoxide and nitric acid at a 
temperature of about 0-25° C., forming a reaction 
mixture; and 

(b) adding a compound having the formula 



(VI) 

R 

I 

c=o 

rh 

O 2 N N N N0 2 

| | 

1 N 1 

no 2 



wherein R is straight chain or branched alkyl having 1-5 
carbon atoms; wherein the reaction mixture is kept at 
temperature no greater than about 68° C.; and whereby a 
compound having the formula 



wherein R is straight chain or branched alkyl having 1-5 
60 carbon atoms, to the reaction mixture, whereby a product 
comprising alpha-HMX is produced. This reaction is pref- 
erably a solid-state nitration reaction, i.e. the SOLEX reacts 



65 
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while still a solid rather than being dissolved in the nitric 
acid. In one preferred embodiment of this process, the 
compound having the formula (VI) is SOLEX. 

Preferably the temperature in step (a) is about 10-20° C., 
most preferably about 15° C. It is also preferred that the 
nitric acid has a concentration of at least about 98% by 
weight. 

The HMX produced by this process is at least 99% by 
weight alpha-HMX, often essentially 100% alpha-HMX. 
Further, the yield of alpha-HMX is typically at least 99%. 

One specific embodiment of this process for making 
alpha-HMX comprises the steps of: 

(a) adding phosphorus pentoxide to nitric acid at a tem- 
perature of about 0-25° C., forming a reaction mixture; 
and 

(b) adding SOLEX to the reaction mixture, whereby a 
solid-state nitration reaction produces alpha-HMX. 

The invention also relates to the alpha-HMX product 
made by the above-described process. This product is 
extremely pure alpha-HMX, e.g., essentially no RDX or 
beta-HMX contamination. For example, the product can be 
99 weight % or more alpha-HMX. In a preferred 
embodiment, the product comprises less than 0.01% by 
weight RDX, more preferably no RDX whatsoever. The 
majority by weight (i.e., greater than 50% by weight) of the 
alpha-HMX particles produced by this process have the 
form of long fibers. A majority by weight of these alpha- 
HMX fibers have an aspect ratio (length:diameter) of at least 
about 50:1, sometimes as great as at least about 100:1 or 
even 1,000:1. 

The alpha-HMX can be made into long fibers by dissolv- 
ing the alpha-HMX in boiling aqueous solution (e.g., in pure 
water), and then cooling the solution below the boiling 
point. These steps form fibrous alpha-HMX. In one 
embodiment, the majority by weight of the alpha-HMX 
produced upon cooling is fibers having an aspect ratio 
(length:diameter) of at least about 50:1, more preferably at 
least about 100:1, most preferably at least about 1,000:1. In 
particular, the product of these steps will typically be a mass 
comprising a plurality of such fibers. This material can be 
pressed or otherwise shaped into useful articles. 

In one embodiment, the product is an equilibrium 
mixture, as described above, of alpha-HMX (making up by 
far the majority of the product) and SOLEX (making up a 
very small percentage, usually much less than 1% of the 
product). 

Preparing alpha-HMX by the synthetic route that goes 
through SOLEX helps control the polymorphic form of the 
product, permitting the manufacture of pure (or very nearly 
pure) alpha-HMX at essentially quantitative yield. 

Another way of making an HMX composition comprises 
the steps of: 

(a) combining a compound having the formula 

(VI) 

R 

c=o 

I 

m 

OoN N N N0 2 

| | 

I n 1 

I 

no 2 

wherein R is straight chain or branched alkyl having 1-5 
carbon atoms, with nitric acid, thereby forming a reaction 
mixture; and 
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(b) adding phosphorus pentoxide to the reaction mixture, 
whereby a product that comprises HMX is produced. 
The compound (VI) preferably is dissolved in nitric 
acid and the reaction takes place in solution. The HMX 

5 produced in this way can be converted easily to beta- 
HMX by contacting it with an organic solvent, e.g., 
heated acetone. This provides a less expensive method 
of manufacturing beta-HMX than the conventional 
direct synthesis methods. 

In one preferred embodiment of this method, the com- 
pound having the formula (VI) is SOLEX. In another 
embodiment, the product of step (b) comprises an equilib- 
rium mixture of alpha-HMX and SOLEX. The melting point 
of the product of step (b) preferably is at least about 277° C. 
15 (All melting points given herein are as determined by 
capillary methodology.) 

When the R group is methyl (i.e., the group pendant from 
the N is acetyl) it is preferred that the weight ratio of nitric 
acid to SOLEX in step (a) is from about 1.5 to about 3.0, 
more preferably about 1.8. It is also preferred that the weight 
ratio of phosphorus pentoxide to the compound having the 
formula (VI) is from about 0.25 to about 2.0, more prefer- 
ably about 0.7-0. 8. The product made by the above- 
described process comprises HMX. Without being bound by 
theory, the HMX made by this particular process may be a 
form of alpha-HMX, or it may be a different polymorphic 
form of HMX. As long as the product’s melting point is at 
least about 277° C., it can easily be converted to highly pure 
beta-HMX by contacting the product with a hot organic 
, (} solvent (e.g., acetone at a temperature of 40-100° C., 
preferably about 56° C.). 

In any of these embodiments of the process, when the 
nitration reaction has proceeded to the desired extent, the 
reaction can be stopped by cooling the reaction mixture 
, 5 (e.g., by adding ice). Optionally, a process of making HMX 
as described above can further comprise the following 
back-end steps: 

(c) filtering the product of step (b), whereby alpha-HMX 
is retained by a filter and an impurity-containing filtrate 

40 is collected; 

(d) treating the filtrate with a source of ammonium ions to 
adjust its pH to about 4.0-5.0; 

(e) evaporating water from the filtrate; and 

(f) cooling the filtrate sufficiently to crystallize ammo- 

45 nium nitrate crystals. 

These additional steps produce a highly pure ammonium 
nitrate byproduct, which can be sold for use in fertilizer or 
the like. Thus, these additional steps enhance the economics 
of the process by reducing the amount of waste material that 
50 must be disposed of and creating a valuable byproduct. In 
these steps, preferably the pH of the filtrate is adjusted to 
about 4.7 and the source of ammonium ions is ammonia. 

Alternatively, instead of performing steps (c)-(f) after 
filtration to remove the solid product, the remaining nitric 
55 acid can be concentrated for recycle. 

A seventh aspect of the invention relates to compositions 
and articles that comprise HMX, as well as processes for 
making them. 

One such composition comprises HMX particles (e.g., 
60 alpha-HMX particles) and at least one second material 
coated thereon and/or sorbed into voids in the particles. The 
term “second material” is used herein to refer generically to 
materials other than alpha-HMX which can be combined 
with alpha-HMX to form mixtures, granules, and/or shaped 
65 articles. Preferably, a majority by weight of the alpha-HMX 
particles are in the form of fibers, which may be porous (i.e., 
contain some void spaces). Typically a majority by weight of 
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the alpha-HMX fibers have an aspect ratio (length:diameter) 
of at least about 50:1, often as great as about 1,000:1 or even 
higher. 

Avariety of second materials can be used in the invention, 
including mixtures of two, three, or more different second 5 
materials. One suitable example of a second material is an 
energetic material, such as beta-HMX, RDX, TNT, ammo- 
nium nitrate, or a mixture thereof. Another suitable example 
of a second material is a fuel, such as aluminum, lithium 
hydride, lithium aluminum hydride, or a mixture thereof. As to 
another example, a first set of particles can have coated 
and/or sorbed thereon one component of a binary explosive, 
and a second set of particles can have coated and/or sorbed 
thereon the other component of the binary explosive (e.g., 
material comprising nitro moieties and glycerin). When the is 
two sets of particles are combined, a binary explosive 
composition can be formed. 

Yet another suitable example of a second material is one 
that alters the structural properties of the composition as 
compared to the structural properties of the alpha-HMX 20 
particles in the absence of the second material. For instance, 
the second material can be one that increases the durability, 
density, or structural strength of the composition, such as 
carbon fibers or silicone molding resins. Another suitable 
example of a second material is one or more polymerizable 25 
monomers, such as caprolactam, or a mixture of adipic acid 
and hexamethylene diamine. It is possible to polymerize 
such monomers in situ after they are coated onto the 
alpha-HMX, thereby providing additional strength or other 
desirable properties. By coating a HMX particle with such 30 
monomers, forming a plurality of such articles into a granule 
or article, and then polymerizing the monomers in situ, an 
HMX-containing granule or article can be formed that also 
comprises a polymeric “cage” or framework. 

It is also possible to use multiple layers of coatings 35 
comprising second materials. For instance, the composition 
can comprise a plurality of layers coated on the alpha-HMX 
particles, each layer comprising at least one second material. 
The second material can be the same in each of the plurality 
of coated layers. Alternatively, at least two of the plurality of 40 
coated layers comprise different second materials, or each 
coated layer can comprise a different second material. 

This aspect of the invention also relates to durable alpha- 
HMX containing articles, comprising a plurality of particles, 
the particles comprising alpha-HMX coated with at least one 45 
second material. A "durable article” in this context is one 
that will retain is shape under normal handling. 

In such an article, the plurality of coated alpha-HMX 
particles can optionally comprise (a) a first group of alpha- 
HMX particles coated with a second material, and (b) a 50 
second group of alpha-HMX particles coated with a different 
second material. For example, the different second materials 
could be ones that can be combined to firm a binary 
explosive. Then when the two groups (a) and (b) are 
combined, the overall composition is explosive. 55 

The article can suitably be formed by pressing the plu- 
rality of coated particles into a shape, or by granulating a 
plurality of such particles, using techniques described below. 
The article can further comprise a coating of a second 
material on the exterior of the article, or even a plurality of 60 
coatings of one or more second materials on its exterior. As 
outlined above, the second material can be the same in each 
of the plurality of coatings, can be different in at least two 
of the coatings, or can be different in each coating. 

In one particular embodiment, the article further com- 65 
prises a coating on the exterior of the article. This coating 
comprises alpha-HMX particles that have been coated with 
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a second material. Alternatively, the article can comprise a 
plurality of coatings, each of which comprises alpha-HMX 
particles that have been coated with a second material. 

The article can also comprise a second material that has 
been sorbed into the article, or onto an alpha-HMX particle. 
A process for sorbing a second material onto alpha-H 
particles, comprises the steps of: 

(a) providing at least one second material; 

(b) mixing the second material with a liquid solvent; 

(c) contacting the solvent with alpha-HMX particles; and 

(d) evaporating the solvent, whereby the second material 
sorbs onto and/or into the alpha-HMX particles. 

The second material can initially be in a variety of forms 
(e.g., solid particulates, liquid, or gas). 

In one embodiment, the solvent of step (b) is an organic 
solvent, such as acetone, cyclohexane, gamma 
butyrolactone, or a mixture of one or more of these. This 
process can further comprise the step of forming a granule 
that itself comprises a plurality of the alpha-HMX particles 
having the second material coated on the particles. The 
granules and articles formed as described above are highly 
stable, for example holding their structural integrity in 
boiling water or acetone. 

The combination of materials involved in this aspect of 
the invention can achieve a higher level of energy per unit 
volume, thus making the composition highly desirable for 
use as an explosive or propellant. Depending on what 
secondary materials are used, the composition can also have 
its energetic properties per unit volume increased, or its 
structural strength, density, or durability increased. These 
enhancements are especially useful for making various 
explosive, propellant, and pyrophoric devices (e.g., shaped 
charges). 

An eighth aspect of the invention is a process for making 
beta-HMX. This can be accomplished by a process that 
comprises the steps of: 

(a) combining a compound having the formula 

(VI) 

R 

I 

c=o 

I 

PH 

OoN N N NOo 

| | 

I N 1 

I 

no 2 

wherein R is straight chain or branched alkyl having 1-5 
carbon atoms, with nitric acid, thereby forming a reaction 
mixture; 

(b) adding phosphorus pentoxide to the reaction mixture, 
whereby a product that comprises HMX is produced; 

(c) contacting the so-produced HMX with a solvent; and 

(d) evaporating the solvent, whereby beta-HMX crystals 
are formed. 

This aspect of the invention allows the manufacture of 
beta-HMX by conversion of a different form of HMX (e.g., 
alpha-HMX). The HMX used as the starting material pref- 
erably is made by a process comprising the steps of: 
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(a) combining a compound having the formula 

(VIj 



I 

m 

0 2 N N N N0 2 



no 2 

wherein R is straight chain or branched alkyl having 1-5 1S 
carbon atoms, with nitric acid, thereby forming a reaction 
mixture; and 

(b) adding phosphorus pentoxide to the reaction mixture, 
whereby a product that comprises HMX is produced. 
The compound (VI) preferably is dissolved in nitric 
acid and the reaction takes place in solution. The 
melting point of the product of step (b) preferably is at 
least about 277° C. 

The conversion process comprises the steps of: 

(a) contacting the so-produced HMX with a solvent; 

(b) evaporating the solvent, whereby beta-HMX crystals 25 
are formed. 

In one embodiment, the HMX is dissolved or suspended 
in the solvent in step (a). In a specific embodiment of the 
process, the solvent is an organic solvent, such as acetone, 
cyclohexane, gamma butyrolactone, or a mixture of one or 30 
more of these. 

Optionally, seed crystals of beta-HMX can be added to the 
solvent to facilitate crystallization. However, seed crystals 
are generally not required. If seed crystals are used, they can 
be provided, for example, by including no more than about 35 
1% by weight (preferably no more than about 0.1%) beta- 
HMX in the HMX of step (a). If a small amount of beta-H 
byproduct is present in the starting HMX composition, it can 
serve this purpose. Alternatively, the beta-HMX crystals can 
provided by adding them to the solvent from an external 40 
source. 

In one preferred embodiment of the process, the solvent 
is evaporated by spray drying. This spray drying can suitably 
take place at a temperature of less than about 56° C., 
preferably at about 50° C. This process can produced Class 45 
5 beta-HMX, or even finer particles. 

A ninth aspect of the invention is a process for forming 
alpha-HMX containing granules from at least one particulate 
material, comprising the steps of: 

(a) selecting particulates having a particle size distribu- so 
tion; and 

(b) fluidizing the particulates, whereby particulates 
agglomerate to form granules. 

In one embodiment, this process involves accelerating the 
fluidized particulates against a solid surface, and more 55 
preferably, continuously impacting such particulates against 
a surface, most preferably a curved surface. Vessels having 
circular cross-sections are well suited for performing this 
operation. A rotating impeller, or alternatively a gas stream, 
can suitably be used to accelerate the particles. 60 

Although this process is especially well-suited for pro- 
ducing granules from alpha-HMX particles made as 
described above, it is not limited to use with that particular 
material. This process can be used with a variety of particu- 
late materials, such as drugs and pharmaceutical excipients. 65 

In one preferred embodiment, the fluidized particulates 
are impacted against a solid surface, for example by being 
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circulated around a circular or elliptical path. Preferably, the 
particulates are circulated in a channel in a vessel, whereby 
the motion creates centrifugal force that impacts the par- 
ticulates against the solid surface of the channel, whereby a 
granule is formed that tumbles as it continues to circulate 
around the channel. 

The particle size distribution in step (a) can be any desired 
range, including taking particulate alpha-HMX and using it 
as-is. Alternatively, a particle size distribution can be cut 
from the initial material, for example by sieving. 

Optionally, a small amount of an organic solvent (e.g., 
about 0.001-0.5 g of organic solvent per g of alpha-HMX or 
other particulate material, more preferably about 0.05-0.1 g 
of solvent per g of particulates) can be added to the par- 
ticulates. This small amount of solvent helps fluidize the 
particles, and facilitates formation of a granule, but does not 
dissolve a large percentage of the alpha-HMX, which could 
cause the eventual formation of a different polymorph. 

Fluidization of the particles can be achieved, for example, 
by placing them in high velocity gas streams (e.g., "sand- 
blasting”). The density of the resulting granules can be 
controlled by selecting the amount of kinetic energy 
imparted to the particles in step (b). In other words, the 
greater the velocity of the gas steam(s) in which the particles 
are fluidized, the denser the resulting granules will be. 

Optionally, the alpha-HMX particulates can be coated 
and/or impregnated with one or more second materials, as 
described above, such as energetic materials or fuels. If one 
or more of the second materials comprise polymerizable 
monomers, the process can optionally further comprise the 
step of polymerizing those monomers in situ, either before 
or after the granule is formed. 

In one particular embodiment, a second material is sorbed 
onto the alpha-HMX particles by a process comprising the 
steps of: 

(a) providing at least one second material; 

(b) mixing the second material with a liquid solvent; 

(c) contacting the solvent with alpha-HMX particles; and 

(d) evaporating the solvent, whereby the second material 
adsorbs onto the alpha-HMX particles. 

This aspect of the invention also relates to a durable 
article that consists essentially of alpha-HMX and at least 
one second material. In other words, this article need not 
comprise any binder; the properties of the alpha-HMX 
particles allow them to be formed into a durable article in a 
mixture with the second material, without requiring the 
inclusion of a material with adhesive properties. Optionally, 
such an article can comprise no more than about 2% by 
weight graphite, to facilitate manufacturing the article. 

The second materials included in such an article can be 
varied, as described above. One particularly useful second 
material in this aspect of the invention is aluminum in 
particulate form. One particular embodiment of the inven- 
tion is an article as described above that comprises about 
0.1-20% by weight aluminum. One especially useful 
embodiment is a durable article that consists of alpha-HMX 
and about 0.1-20% by weight aluminum. 

This aspect of the invention also relates to a process for 
making an alpha-HMX composition, comprising the steps 
of: 

(a) mixing particulate alpha-HMX and at least one par- 
ticulate material selected from the group consisting of 
energetic materials and fuels, thereby forming a par- 
ticulate mixture; 

(b) fluidizing the particulate mixture; and 

(c) impacting the particulate mixture against a solid 
surface, whereby the particulates in the mixture 
agglomerate to form granules. 
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As mentioned above, the particulate mixture can be 
circulated around a circular or elliptical path, for example in 
a channel in a rotating vessel. 

The granules formed from alpha-HMX particles will 
typically contain void spaces. Therefore, the process can 5 
optionally further comprise the step of sorbing a second 
material into the granules. This can be done by using a 
vacuum to a gas phase that comprises draw the second 
material into the granule. Alternatively, this can be done by: 

(d) mixing the second material with a liquid solvent (e.g., to 
an organic solvent); 

(e) contacting the solvent with the granules; and 

(f) evaporating the solvent, whereby the second material 
is sorbed into the granules. 

These granules will retain their solid, durable character, 15 
even with large amounts of secondary materials added, for 
example even if they contain as much as 90% by weight 
TNT, and even at temperatures greater than 200° C. Further, 
the granules are pressable, for example to make explosive 
devices (e.g., shaped charges). In addition, the composition 20 
does not tend to build up static electrical charges. Typically, 
the granules into whose void spaces a second material has 
been sorbed will have greater bulk density than the granule 
in the absence of the sorbed second material. 

A tenth aspect of the invention is a process for preparing 2: ' 
an HMX product, comprising the steps of: 

(a) providing a granule that comprises a plurality of 
alpha-HMX particles and which has internal void 
spaces; and 

(b) sorbing at least one second material into the void 
spaces in the granule. 

The term "HMX product” is used herein to refer generi- 
cally to compositions that comprise HMX and one or more 
second materials that have been coated onto and/or sorbed 
into an alpha-HMX particle, granule, or article. ("Granule” 
as used herein generally refers to an object that comprises a 
plurality of particles, while "article” refers to a relatively 
large object formed into a desired shape that is large enough 
to be easily visible to the naked eye). 

The second material can be sorbed into the granules by 
using a vacuum to draw a gas phase comprising the second 
material into the granule. Alternatively, the second material 
can be sorbed into the granules by: 

(c) mixing the second material with a liquid solvent (e.g., 4? 
an organic solvent); 

(d) contacting the solvent with the granules; and 

(e) evaporating the solvent, whereby the second material 
is sorbed into the granules. 

Various second materials can be used, as explained above. 50 
Suitable examples include energetic materials and fuels. 

The process can optionally further comprise coating the 
exterior of the granule with a second material. This second 
material coated on the exterior of the granule can be the 
same as the second material sorbed into the granule, or it can 55 
be different. As another option, a plurality of coatings can be 
applied to the exterior of the granule. As yet another option, 
a mixture of at least two second materials can be sorbed into 
the granule. 

This aspect of the invention also relates to a process for 60 
preparing an HMX product, comprising the steps of: 

(a) contacting alpha-HMX granules having void spaces 

therein with an solvent in an amount from about 
0. 1-2.5 g of solvent per g of alpha-HMX, whereby a 
fraction of the HMX is dissolved; 65 

(b) providing beta-HMX crystals in the dissolved HMX; 
and 
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(c) evaporating the solvent, whereby beta-HMX is depos- 
ited in void spaces of undissolved alpha-HMX par- 
ticles. 

The solvent can suitably be an organic solvent, for 
example selected from the group consisting of acetone, 
cyclohexane, gamma butyrolactone, and mixtures thereof. 
The beta-HMX crystals can be provided as part of the 
alpha-HMX granules. If the goal is to fill void spaces in the 
alpha-HM granules with beta-HMX, then preferably the 
beta-HMX crystals comprise less than 1% by weight of the 
alpha-HMX granules, more preferably less than 0.1%. 
Alternatively, the beta-HMX crystals can be providing by 
adding them to the solvent from an external source. Either 
way, it is preferred that the amount of beta-HMX crystals 
provided in step (b) is no greater than about 1.0% by weight 
of the alpha-HMX, more preferably no greater than about 
0.1% by weight of the alpha-HMX. 

Alternatively, if the goal is to produce a granule or article 
comprising primarily beta-HMX, then the weight ratio of 
beta to alpha-HMX can be as high as desired (e.g., 1:1 or 
higher). The relatively small amount of alpha-HMX in this 
embodiment can serve to bind the beta-H particles together 
as a granule or article. 

The amount of solvent used should be small enough so 
that only a minor portion of the alpha-HMX is dissolved. 
Preferably about 10-20 % by weight of the alpha-HMX is 
dissolved in step (a). 

The process can further comprise the step of pressing the 
product of step (c) into a shaped article. 

The product produced by this aspect of the invention has 
greater bulk density than the original granules or article, due 
to the incorporation of a second material into the void 
spaces. If the second material is an energetic material or a 
fuel, this enhances the overall energetic effect of the article 
or granule. 

An eleventh aspect of the invention is a method of 
performing an exothermic chemical reaction, comprising the 
steps of: 

(a) contacting reactants to form a liquid reaction mixture 
in an open reaction vessel, wherein: 

(i) the reaction vessel has a closed bottom with a first 
diameter; 

(ii) the reaction vessel has an open top with a second 
diameter that is greater than the first diameter; 

(iii) the reaction vessel has a wall that is connected to 
the bottom, the wall having an inner surface, at least 
a part of which contacts the reaction mixture; and 

(iv) the reaction vessel comprises an adjustable stirrer 
in contact with the reaction mixture; and 

(b) controlling the temperature of the reaction mixture by 
adjusting the degree of stirring of the reaction mixture 
by the adjustable stirrer, whereby the centrifugal force 
from the stirring causes the liquid reaction mixture to 
move upward along the inner surface of the reaction 
vessel. By placing the reaction mixture in physical 
contact with a greater surface area of the inner surface 
of the reaction vessel, cooling of the reaction mixture 
can be enhanced. 

In one embodiment, the reaction vessel is frustoconical in 
shape. One embodiment of the adjustable stirrer comprises 
a rotatable impeller which is mounted on a shaft. The shaft 
is driven by a motor, and thus can rotate the impeller about 
a vertical axis of the reaction vessel. The method can further 
comprise applying external cooling to the reaction vessel 
(for example, with an external jacket through which a heat 
transfer fluid flows). If the temperature of the reaction 
mixture exceeds a target temperature, the speed of rotation 
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of the impeller can be increased. This increase in rotational 
speed will increase the centrifugal force that tends to move 
the reaction mixture up the walls of the vessel. By placing 
the reaction mixture in physical contact with a greater 
surface area inside the vessel, the rate of cooling is 5 
increased, and the temperature of the reaction mixture can be 
decreased. 

In the same way, if the temperature of the reaction mixture 
exceeds a predetermined alarm level, the speed of rotation of 
the impeller can be increased sufficiently to cause a prede- 
termined amount of the reaction mixture to be expelled from 
the reaction vessel through its open top, thereby bringing the 
remaining reaction mixture under thermal control and pre- 
venting catastrophic damage to the equipment from exces- 
sive reaction temperatures. 1S 

Although this method has wide applicability in exother- 
mic reactions, it is particularly useful in one or more of the 
above-described processes in which a nitramine or nitramine 
intermediate is manufactured. For example, this method is 
useful where the reactants comprise hexamine and acetic 
anhydride; DAPT and acetic anhydride; TAT, nitric acid, and 
either or both of phosphorus pentoxide or dinitrogen pen- 
toxide; hexamine hexahydrate and acetic anhydride; AAHT 
and acetic anhydride; or SOLEX, nitric acid, and either or 
both of phosphorus pentoxide or dinitrogen pentoxide. 

One specific embodiment of the invention is a method of 
performing an exothermic chemical reaction, comprising the 
steps of: 

(a) contacting reactants to form a liquid reaction mixture 

in a fiustoconical reaction vessel, wherein: 30 

(i) the frustoconical reaction vessel has a closed bottom 
with a first diameter; 

(ii) the frustoconical reaction vessel has an open top 

with a second diameter that is greater than the first 
diameter; , 5 

(iii) the frustoconical reaction vessel has a wall that is 
connected to the bottom the wall having an inner 
surface, at least a part of which contacts the reaction 
mixture; and 

(iv) the frustoconical reaction vessel comprising a 40 
motor-driven impeller which is rotatable about a 
vertical axis of the reaction vessel; 

(b) mixing the reaction mixture in the frustoconical reac- 
tion vessel by rotating the impeller; and 

(c) controlling the temperature of the reaction mixture by 45 
(1) applying external cooling to the frustoconical reac- 
tion vessel and (2) adjusting the speed of rotation of the 
impeller, whereby the centrifugal force from rotation of 
the impeller causes the liquid reaction mixture to move 
upward along the inner surface of the frustoconical so 
reaction vessel; wherein when the temperature of the 
reaction mixture exceeds a target temperature, the 
speed of rotation of the impeller is increased; and 
wherein when the temperature of the reaction mixture 
exceeds a predetermined level, the speed of rotation of 55 
the impeller is increased sufficiently to cause a prede- 
termined amount of the reaction mixture to be expelled 
from the frustoconical reaction vessel through its open 
top. 

This aspect of the invention also relates to chemical 60 
reaction apparatus that comprises: 

(a) an open reaction vessel comprising: 

(i) a closed bottom having a first diameter; 

(ii) an open top having a second diameter that is greater 

than the first diameter; 65 

(iii) a wall that is connected to the bottom, the wall 
having an inner surface; and an outer surface; and 
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(b) an adjustable stirrer located within the vessel; 

(c) a temperature sensor within the vessel; and 

(d) a motor that is operationally connected to the adjust- 
able stirrer, the motor being adjustable so as to change 
the rate of stirring in response to the temperature 
measure by the temperature sensor. 

In one embodiment, the adjustable stirrer comprises an 
impeller mounted on a rotatable shaft, the impeller being 
located within the vessel and the shaft extending from the 
impeller to the motor. The apparatus can further comprise a 
computer which adjusts the speed of the motor in response 
to the temperature measure by the temperature sensor. 

This aspect of the invention provides an inexpensive, 
simple, and safe means for performing exothermic reactions, 
such as those involved in producing alpha-HM and its 
various intermediates. 

A twelfth aspect of the invention is a process for sepa- 
rating a nitramine or nitramine intermediate (e.g., DAPT) 
from water and volatile organic compounds, comprising the 
steps of: 

(a) feeding a liquid stream comprising a liquid nitramine 
or nitramine intermediate (e.g., DAPT), water, and at 
least one volatile organic compound, into the upper half 
of a stripper column; 

(b) feeding a gas stream having a temperature of at least 
about 120° C. into the lower half of the stripper column, 
whereby the gas stream and the liquid stream come into 
countercurrent contact in the stripper column; 

(c) withdrawing a nitramine or nitramine intermediate 
stream from the bottom of the stripper column; and 

(d) withdrawing a waste stream comprising gas and one or 
more of water vapor, water, formaldehyde, and acetic 
acid, from the top of the column. 

The temperature of the gas stream can suitably be about 
70-200° C. In other embodiments of the process, the tem- 
perature of the gas stream is greater than about 150° C., or 
even greater than about 200° C., and no substantial degra- 
dation of the nitramine or intermediate occurs, due to the 
relatively short residence time of the compound in the 
column. 

The gas stream preferably consists essentially of air 
(optionally comprising some water vapor). It is also pre- 
ferred that the stripper column comprises packing. The 
column can optionally be operated at below-atmospheric 
pressure, which would also change the temperature of opera- 
tion. 

This process is especially useful in the purification of a 
liquid stream that comprises DAPT. Conventional filtration 
of such a stream is a relatively slow operation. Therefore, 
one particularly preferred embodiment is a process for 
separating DAPT from water and volatile organic 
compounds, comprising the steps of: 

(a) feeding a liquid stream comprising DAPT, water, and 
at least one volatile organic compound, into the upper 
half of a stripper column; 

(b) feeding an air stream having a temperature of at least 
about 120° C. into the lower half of the stripper column, 
whereby the gas stream and the liquid stream come into 
countercurrent contact in the stripper column; 

(c) withdrawing a DAPT stream from the bottom of the 
stripper column; and 

(d) withdrawing a waste stream comprising air, water 
vapor, formaldehyde, and acetic acid, from the top of 
the column. 

Preferably the DAPT stream in step (c) comprises no 
more than about 5% water by weight. 
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The various aspects of the present invention have numer- 
ous advantages over the prior art. One of the most significant 
advantages is considerably lower cost than prior art methods 
for making alpha-HMX, in part due to the use of lower 
temperatures and less reactants. In particular, the synthetic 
routes of the present invention make possible a five-fold 
reduction in the cost of manufacturing HMX. The alpha- 
HMX produced by the methods of the present invention is 
exceptionally pure, which enhances its performance as an 
explosive or rocket propellant. Another advantage of the 
present invention is the ease of manipulation of the final 
product to modify its properties, for example by combina- 
tion with other materials, or by pressing into shaped articles, 
such as shaped charges. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a photomicrograph of alpha-HMX particles 
produced by a process in accordance with the present 
invention. The white bar at the bottom of the photograph 
represents a length of 11.1 microns. 

FIG. 2 is a photomicrograph of alpha-HMX particles 
produced by a prior art process. The white bar at the bottom 
of the photograph represents a length of 2.79 microns. 

FIG. 3 is an elevational cross-section of a frustoconical 
reaction apparatus in accordance with the present invention. 

FIG. 4 is an elevational cross-section of a stripper column 
in accordance with the present invention. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

The present invention relates to HMX and methods for 
making it, including some novel intermediates. In addition, 
the invention also relates to HMX compositions which may 
comprise other explosive or non-explosive materials. 

One synthetic scheme for preparing HMX involves pro- 
duction of the intermediates DAPT and TAT, as described in 
steps 1A, IB, and 1C below. 

Step 1A: Preparation of DAPT 

Rather than dissolving hexamine in acetic acid, the hex- 
amine is first dissolved in room temperature (e.g., 22° C.) 
water (preferably 1 g water per g hexamine), followed by 
addition of ice or a mixture of ice and water (preferably 0.5 
g per g hexamine). The resulting slurry is then allowed to 
come to 0C, followed by rapid addition of acetic anhydride 
(2 moles per mole hexamine). The resulting reaction is 
extremely rapid (about 1 minute in duration) and is evi- 
denced by the melting of the ice. 

One method of isolating the DAPT product can be accom- 
plished in two stages. The first stage involves evaporation of 
the volatile components. Special care must be taken, 
however, to avoid the thermal instability of DAPT when it 
is in the form of, for example, its diacetate salt. Therefore, 
the solution is heated to 40-45° C. to prevent cooling of the 
solution caused by evaporation. A stream of flowing air is 
then passed over the solution. To evaporate the acetic acid 
selectively, the air is substantially saturated with water vapor 
(e.g., at least 95% saturated), allowing the acetic acid to be 
preferentially evaporated. The formaldehyde produced by 
the conversion of hexamine to DAPT is removed during the 
evaporation of the water. Some polymerization of the form- 
aldehyde occurs, resulting in an insoluble precipitate. The 
evaporation is continued until the DAPT acetate salt begins 
to precipitate. 

The second stage of purification involves the removal of 
the polymeric formaldehyde, as well as any remaining water 
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and acetic acid. When approximately % of the solution has 
been evaporated (at which point the byproduct DAPT 
acetate salt has begun to precipitate), the reaction mixture is 
brought to 130-140° C. for a period ranging from 20-30 
5 minutes. The temperature must be raised above about 130° 
C. in order to promote depolymerization of the 
formaldehyde, as well as driving off any remaining water or 
acetic acid. However, the temperature must not be allowed 
to rise above approximately 150° C., because DAPT will 
10 start to decompose at this temperature. The DAPT is then 
removed from the heat and air jet, and the system is cooled. 

However, if the DAPT product is to be used in a subse- 
quent reaction in which it is converted to TAT, and that 
subsequent reaction uses one or more transition metal oxides 
I 5 as a catalyst, then the temperature of the reaction mixture 
can be as low as about 70° C. in the second stage of 
purification. This is because the transition metal oxide will 
catalyze the depolymerization of formaldehyde polymers 
during the subsequent conversion to TAT. Therefore, in that 
20 situation, the temperature of the reaction mixture need not be 
increased to 130° C. or higher, because depolymerization of 
the formaldehyde polymers is not necessary at that point. 

Yet another way of isolating DAPT and removing volatile 
materials involves the use of a stripper column. In general, 
25 in this embodiment of the process, the raw DAPT-containing 
product stream is fed to the upper half of a stripper column. 
A stream of hot gas (e.g., air at about 120° C. or greater) is 
fed to the lower part of the column, so that the rising gas and 
the descending liquid come into countercurrent contact. 
30 Volatile materials in the liquid are vaporized and carried out 
of the stripper along with the gas stream. Apparatus suitable 
for use in this purification technique is described in more 
detail below. 

Without being bound by theory, it is believed than the 
relatively short time of contact between the DAPT and the 
hot gas in the stripper column helps avoid thermal degra- 
dation of the DAPT, and this permits the use of gas at 
temperatures even greater than 120° C. In particular, the 
relative concentration of acetic acid decreases as it moves 

40 

down the column, and the DAPT tends to convert from salt 
to free base. Since DAPT as free base has greater thermal 
stability than its salts, contact with the hottest gas near the 
bottom of the column will not cause substantial degradation 
of the DAPT. 

45 

By the above-described synthesis process, nearly quanti- 
tative yields of DAPT are obtained in a matter of minutes. 
The need to use excess reactant (acetic anhydride) to push 
forward equilibrium has been substantially diminished. The 
so stoichiometry of the reaction requires 2 moles of acetic 
anhydride per mole of tetraamine. A slight excess (e.g., 2.1 
to 2.5 moles) of acetic anhydride can be used, if desired, but 
an essentially stoichiometric amount is generally sufficient 
and therefore preferred. 

55 The ice advantageously functions as a heat sink for the 
reaction exotherm. This enhances the product yield and 
shortens the reaction time. The ice can be provided in any 
convenient form (e.g., cubes, chips, shaved ice, or slivers) 
but crushed ice is preferred because of its high surface area 
60 and ready availability. 

The reaction can be conducted in any appropriate reactor 
that provides efficient stirring, including reactors that are 
jacketed and equipped with external cooling apparatus. The 
reaction yields are optimized by maintaining the reactant 
65 mixture at a low temperature. The reaction temperature is 
usually maintained between about -30° C. and 10° C., and 
is preferably maintained between about -15° C. and 0° C., 
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most preferably at 0° C. (i.e., ice water conditions). 
Advantageously, the acetic anhydride is added to a pre- 
cooled (e.g., pre-cooled to at least about -10° C., more 
preferably to at least about -30° C.), stirred mixture of (a) 
tetraanine and (b) ice water. 



Step IB: Conversion of DAPT to TAT 

to 



The synthesis of TAT is accomplished by first converting 
DAPT into an ester (see reaction 1 below), hydrolyzing the 
ester, and then reacting with acetic anhydride (reaction 2). is 
The ester can also be isolated or used as it is formed. 



About 2.0-2.5 moles of acetic anhydride are used in 2 o 
reaction 1 per mole of DAPT. Preferably the temperature is 
kept below the reflux temperature (1388C) initially, and after 
the initial exotherm, preferably the temperature is kept at 
110-120° C. until conversion of DAPT to the ester is 
complete. 25 



Reaction 2: Ester to TAT 
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Reaction 1 : DAPT to ester 
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The reactive ester is converted to TAT in the presence of 
water and a transition metal oxide catalyst, such as a mixture 
of copper oxide and iron oxide. Under these conditions, the 60 
reactive ester undergoes hydrolysis, resulting in the forma- 
tion of a primary alcohol. The primary alcohol is unstable in 
this environment, and it quickly decomposes, producing 
formaldehyde and a secondary amine. The secondary amine 6S 
then reacts with a second mole of acetic anhydride, giving 
the desired TAT product. Reaction 2 shows this process. 



Step 1C: Conversion of TAT to HMX 

TAT can be converted to alpha-HMX by reaction with 
98+% nitric acid and either phosphorus pentoxide or dini- 
trogen pentoxide, at a temperature between room tempera- 
ture and about 40° C. Suitable procedures are disclosed in 
Lukasavage U.S. Pat. Nos. 5,124,493 and 5,268,469, both of 
which are incorporated herein by reference. Alternatively, 
TAT can be converted to HMX as described below in steps 
2C-2D, or 2E-2F. 

A second synthetic scheme for producing HMX has also 
been invented. This process involves the use of a novel 
intermediate, acetyl acetate hexamethylene tetraamine 
(which is referred to herein as AAHT), that contains both an 
acetate group and an acetyl group. Unlike the synthetic route 
to HMX that goes through DAPT, the acetate intermediate 
(AAHT) does not undergo hydrolysis (which would produce 
formaldehyde and a second acetyl group), but instead can be 
isolated. This novel intermediate has the advantages of being 
more stable than DAPT and being easier to convert into TAT. 

AAHT has the chemical formula shown below, with R 
being methyl. 
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This second synthetic scheme is described in steps 2A, 
2B, 2C, and 2D below. 
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Step 2A: Preparation of AAHT 

Two processes have been developed for making AAHT. 
The first process comprises reacting a hexamine/ice/water 
slurry with acetic anhydride at temperatures between -78° 
C. (which can be achieved, for example, by using a dry 
ice/acetone bath) and -0° C., most preferably at about -30° 
C. Approximately 2 moles of acetic anhydride are added to 
the slurry per mole of hexamine. The product of this reaction 
is AAHT. The reaction preferably is conducted in a stainless 
steel or aluminum vessel equipped with an efficient stirrer. 

This method can be applied to synthesize any common 
derivative of AAHT, simply by varying the anhydride used; 
the reaction scheme described above is not limited to acetic 
anhydride. This general scheme is shown in reaction 3. 
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Alternatively, instead of recovering the diester, it can be 
converted to TAT in situ. The reaction mixture containing 
the diester is allowed to cool to a temperature between about 
0-50° C., preferably to room temperature (about 22° C.), 
5 and transition metal oxide catalysts are added, preferably 
iron and copper oxides. The formaldehyde generated during 
the course of the hydrolysis should be allowed to escape 
from the reaction mixture. About 2-4 moles water per mole 
of diester are then gradually added (e.g., over a period of 
10 about 90 minutes), at which point the hydrolysis is complete. 
TAT is purified by heating to greater than 100° C. under an 
air jet, which evaporates the acetic acid byproduct and any 
water that is coordinated to the TAT. 

The conversion of AAHT to diester and then to TAT is 
1S shown in reaction 4. 



Reaction 3: Hexamine to AAHT 
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Reaction 4: Conversion of AAHT to TAT 
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Optionally the ice can be pre-cooled to a temperature of 
-30° C. or lower, which will allow the use of less ice in the 
reaction. 

The second method for making AAHT comprises reacting 
hexamine hexahydrate with approximately 2 mole equiva- 
lents of acetic anhydride at temperatures between -78 and 
-0° C., most preferably at about -30° C. AAHT is obtained 
as a waxy solid material. 

Step 2B: Conversion of AAHT to TAT 

TAT can be produced from AAHT by first forming the 
diester derivative of AAHT. The diester has the general 
formula shown below. 
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To form the diester, about 2-4 moles of acetic anhydride 
are added per mole of AAHT. This reaction mixture is then 
heated (e.g., to 110-120° C.) and stirred for a time sufficient 
to complete synthesis of the diester. Volatile components in 
the product mixture can be removed by evaporation, allow- 
ing isolation of the diester. 
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Step 2C: Conversion of TAT to SOLEX 
An improved process has been discovered for preparing 
60 SOLEX (l-(N)-acetyl-3,5,7-trinitro- 

cyclotetramethylenetetramine) from TAT. By lowering the 
temperature of the reaction mixture and by changing the 
order of addition of the reagents used in prior methods, the 
amount of nitrating agent required can be reduced signifi- 
es cantly. 

The preparation involves mixing TAT and low concen- 
trations of nitrating agents, namely phosphorus pentoxide 










US 6,214,988 B1 



and nitric acid. (It should be understood that the TAT can be 
prepared, for example, by the procedure of step IB or step 
2B.) 

TAT is added to nitric acid in a reactor. The nitric acid 
preferably is at a temperature between about 0° C. and 25° 
C., most preferably 10-15° C. The weight ratio of nitric acid 
to TAT preferably is at least about 0.5:1, most preferably 
about 1.5:1. To this reactant mixture of nitric acid and TAT, 
phosphorus pentoxide is added slowly with stirring over a 
period of several hours. The reaction is strongly exothermic 
and the reaction temperature should be carefully monitored, 
and controlled if necessary, by slowing the addition of 
phosphorus pentoxide to the reactant mixture and/or by 
external cooling to prevent a potentially dangerous exotherm 
from occurring. The reaction is normally complete within a 
few hours (e.g. 3 hours). SOLEX is produced in essentially 
quantitative yields and high purity. 

This method for preparing SOLEX is shown in reaction 5 
(R is methyl in this instance). 

Reaction 5 : Preparation of SOLEX from TAT 
R 



The product can be purified and recovered by repeated 
washing and filtration. Optionally, the filtrate can be treated 
with ammonia to generate ammonium nitrate in either solid 
or liquid form, allowing a recycle loop. Yield of alpha-HMX 
is usually greater than 95% based on hexamine feed, pref- 
erably greater than 99%, most preferably greater than 
99.5%. Of the HMX in the reaction product, greater than 
95% is the alpha polymorph, preferably greater than 99%, 
most preferably greater than 99.5%. 

The new method for alpha-HMX preparation is shown in 
reaction 6 (R is methyl in this instance). 

Reaction 6: preparation of alpha-HMX from SOLEX 
R 
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Another way of making SOLEX involves combining 
nitric acid and phosphorus pentoxide, preferably at a tem- 
perature of about 0-30° C., then adding TAT to the reaction 
mixture. Preferably after the addition of TAT, the reaction 
mixture is kept at temperature no greater than about 68° C., 
more preferably no higher than about 45-55° C. Preferably 
the weight ratio of nitric acid to phosphorus pentoxide is 
between about 2:1 to about 4:1, more preferably about 3:1. 
The weight ratio of nitric acid to TAT preferably is at least 
about 1.875:1. 

Step 2D: Conversion of SOLEX to alpha-HMX 

A novel method for converting SOLEX to alpha-HMX 
involves a solid-state nitration reaction. That is, the SOLEX 
reactant is not dissolved in a reaction solvent. Without being 
bound by theory, it is believed that SOLEX is nitrated 
through an ion-exchange type interaction in the solid state. 
SOLEX can be prevented from dissolving in, e.g., nitric acid 
by first loading the nitric acid with P 2 O s . In the new process, 
nitric acid (98+%) is placed into a reactor vessel, and the 
acid is cooled to about 0-25° C., most preferably to about 
15° C. Phosphorus pentoxide is added slowly to the nitric 
acid with stirring. After the addition of phosphorus pentox- 
ide is complete, SOLEX is poured into the vessel, where- 
upon nitration begins immediately. Since the SOLEX does 
not dissolve in this reactant mixture, a solid-state nitration 
results. 



Steps 2C and 2D typically take a total of about 24-48 
hours to complete. Because significant amounts of heat are 
35 generated, it is preferred to perform these reactions in a 
plastic (e.g., high density polyethylene) or metal (e.g., 
aluminum) vessel having a large surface area to enable the 
heat to be readily dissipated. 

Without being bound by theory, it is believed that the 
40 ability of the process shown in steps 2A-2D to produce pure 
(or nearly pure) alpha-HMX results from the ability of 
SOLEX to form a unique crystal lattice, due to the asym- 
metric nature of the molecule. The SOLEX can more easily 
arrange in one polymorphic form because of its pendant 
45 acetyl group. 

Instead of the procedures in steps 2C and 2D for convert- 
ing TAT to SOLEX and then to HMX, the alternative 
procedures of steps 2E and 2F below can be used. 
so Step 2E: Conversion of TAT to SOLEX 

An initial reaction mixture comprising about 75% (by 
weight) nitric acid and about 25% phosphorus pentoxide is 
prepared, and TAT is immediately added at a rapid rate. 
Detectable amounts of SOLEX are produced within 10 
55 minutes. (Pure SOLEX has a melting point of about 225° C.) 
The reaction is exothermic, and cooling, such as by an 
external cooling jacket or external cooling coils, should be 
used to keep the temperature of the reaction mixture below 
about 68° C., preferably between about 45-55° C. Due to the 
60 very fast kinetics of this reaction, the conversion to SOLEX 
will usually be substantially complete within about two 
hours. Further conversion of SOLEX to HMX can be 
avoided by using about one-third more TAT than would be 
required for complete conversion of TAT to HMX. 
65 Alternatively, if it is desired to allow the conversion to 
process all the way to HMX, stoichiometric amounts of the 
reactants can be used. 
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Step 2F: Conversion of SOLEX to HMX. 

Nitric acid and SOLEX are combined (preferably in a 
weight ratio of about 1. 5-3.0, most preferably about 1.8), 
and then a first quantity of phosphorus pentoxide is added. 
Preferably the weight ratio of the first quantity of phospho- 5 
rus pentoxide to SOLEX is about 0.25-2.0, most preferably 
about 0.7-0.8. After about 30 minutes, a second quantity of 
phosphorus pentoxide can be added, and then after a further 
30 minutes, a third quantity of phosphorus pentoxide added. 
The weight ratio of the first, second, and third quantities of 10 
phosphorus pentoxide can suitably be about 4:1:1. A solid- 
state nitration of the SOLEX occurs, producing HMX in 
high yield. This reaction usually takes about two hours to be 
substantially complete. (Pure alpha-HMX has a melting 
point of about 281° C.) 15 

In this process, preferably the SOLEX is dissolved in the 
nitric acid, so the reaction takes place in solution. 

The HMX composition produced by this method has the 
useful property of being easily converted to highly pure 
(e.g., greater than 99% by weight) beta-HMX. As long as the 
initial HMX composition has a melting point of at least 
about 277° C., contacting it with a heated organic solvent 
(e.g., acetone at about 56° C.) will result in the production 
of the beta polymorph. 05 

In one embodiment of the process, the product is a 
mixture of various HMX polymorphs. 

The procedure of steps 2E and 2F takes much less time 
than steps 2C and 2D (about four hours total versus about 
24-48 hours). In addition, steps 2E and 2F produce less 30 
acetyl nitrate byproduct, generate less heat, and require less 
surface area and/or heat resistance in the reaction vessel. 

Optionally, step 2D or 2F can be followed by step 2G. 

Step 2G: Recovery of Ammonium Nitrate. 

After the nitration has proceeded to the desired extent 
(e.g., complete conversion to HMX, or alternatively, partial 
conversion that produces a mixture of HMX and SOLEX), 
the reaction can be terminated by adding ice water to the 
reaction mixture, causing the product (e.g., HMX, SOLEX, 4Q 
or a mixture of the two) to precipitate. Filtration can then be 
used to separate the precipitated product from the remaining 
aqueous solution. When filtered through a vacuum filter (or 
any other suitable filter), the product will be retained, and 
water and impurities will pass into the filtrate. This filtrate, 4? 
which will be a strong acid solution, can be treated with 
ammonia to adjust its pH to about 4.0-6. 0, preferably about 
5.2-5. 7. Water is then evaporated by heating it to at least 
100° C., preferably to at least about 103° C. Phosphoric acid 
in the solution will remain liquid at these temperatures. 
Cooling the filtrate (e.g., to about 70° C. or lower), will 
cause ammonium nitrate crystals to form. These crystals can 
be separated from the remaining liquid by conventional 
methods, and the recovered ammonium nitrate used for 
fertilizer or other known applications. 

The product retained by the initial filtration is then 
preferably washed with cold water. The wastewater from the 
cold water wash is a weak acid solution. It can be treated by 
ion exchange or with activated carbon to remove impurities, 
allowing the purified water to be recycled. 60 

This step not only minimizes the amount of waste prod- 
ucts generated during the manufacturing of HMX, it also 
produces a highly pure ammonium nitrate byproduct which 
its itself commercially valuable. 

Alternatively, instead of recovering ammonium nitrate, 65 
after filtration to remove the solid product, the remaining 
nitric acid can be concentrated for recycle. 
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Some of the above-described chemical reactions are 
highly exothermic, and therefore care must be taken to 
control the temperature of the reaction mixture. This can be 
done by methods well known to person skilled in this field, 
using conventional and well-known equipment. However, it 
is also possible to conduct these reactions in a novel appa- 
ratus as shown in FIG. 3. 

This particular embodiment of the reaction apparatus 
comprises a frustoconical vessel 10 , which has a closed 
bottom 12 and an open top 14. The vessel has an inner 
surface 16 and an outer surface 18. Aliquid reaction mixture 
20 is located in the vessel, in contact with the inner surface 
16. An impeller 22 is mounted on a shaft 24, which can be 
rotated by a motor 26, thereby stirring the reaction mixture. 
An external cooling jacket 28 is wrapped around the vessel, 
in contact with the vessel’s outer surface 18. The jacket 28 
can contain a heat transfer fluid 30, such as water or Freon, 
to help remove heat from the vessel 10 and thus from the 
reaction mixture 20. Enhanced heat removal can be provided 
by increasing the speed of rotation of the impeller 22. The 
centrifugal force exerted on the liquid reaction mixture 20 
by this faster rotation of the impeller causes the liquid to 
move outward and up the inner surface 16 of the vessel, 
whereby the liquid surface takes on the configuration shown 
by the dotted lines in FIG. 3. As a result of moving some of 
the liquid up the inner wall of the vessel, the liquid is placed 
in contact with a greater surface area on the vessel’s inner 
surface 16. As a result, the rate of cooling is increased. 

In operation, the higher the rotational speed of the vessel 
10 , the higher the liquid will be moved up along the inner 
surface of the impeller, and the greater the rate of cooling. 
Therefore, by controlling the speed of rotation of the vessel, 
the temperature of the reaction mixture can be controlled. 
One preferred way of implementing this control scheme is to 
place a temperature sensor, such as a thermocouple 32, in the 
vessel 10, where it will contact the reaction mixture 20. The 
measurement made by this thermocouple can be transmitted 
via a wire 34 to a computer 36. The computer can be 
operationally connected to the motor 26 that drives the shaft 
24 and thus the impeller 22. As a result, when the tempera- 
ture measured by the thermocouple 32 is higher than the 
preset target temperature, the computer can increase the 
speed of the motor, thereby increasing the rotational speed 
of the impeller and moving the liquid further up the inside 
walls. This increases the cooling rate (due to contacting the 
liquid with a greater surface area on the cooled inner surface 
16), and thus reduces the temperature of the reaction mixture 
20. When the temperature has dropped to the desired level, 
the computer can then slow down the impeller’s rotation as 
needed. 

A further enhancement to this control scheme provides for 
situations where the reaction temperature increases beyond 
the point where it can be controlled by the available cooling 
apparatus. If the thermocouple detects that the temperature 
has exceeded a predetermined alarm level, the computer can 
then increase the speed of rotation of the impeller enough so 
that the resulting centrifugal force will expel a predeter- 
mined amount (e.g., 20% by weight) of the reaction mixture 
from the vessel, specifically by rising up the inner walls and 
going over the top lip 38 of the vessel. This predetermined 
amount is chosen so that its removal from the vessel 10 will 
bring the rate of heat generation by the remaining reaction 
mixture 20 under control. A wide emergency catch pan (not 
shown in FIG. 3) can be located beneath the vessel, so that 
the expelled reaction mixture will be contained, and yet will 
be spread out over a sufficiently large surface area that the 
reaction rate, and thus the rate of heat generation, will be 
dampened. 
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The frustoconical reactor vessel 10 is preferably made of 
a corrosion-resistant thermoplastic polymer, such as high- 
density polyethylene or polypropylene. It could alternatively 
be made of metal, such as aluminum. The impeller 22 and 
shaft 24 can suitably be made of the same or similar 
materials. The walls of the cooling jacket can comprise a 
thermoplastic polymer. 

As mentioned above, in some of the process steps, water 
and volatile impurities can be removed from a reaction 
product (i.e., from a nitramine or nitramine intermediate) by 
passing a heated air stream over the product. However, it is 
also possible to remove such volatile substances by means of 
a stripper column as shown in FIG. 4 . 

This separation technique makes use of a stripper column 
50 , which preferably is packed with saddles, rings, or other 
suitable packing material 52 well-known in the art. A liquid 
stream 54 comprising the nitramine or intermediate (e.g., 
DAPT), water, and usually some relatively volatile organic 
compounds, is fed into the column somewhere in its upper 
half. A gas stream 56 that comprises (and preferably consists 
essentially of) air is fed into the column somewhere in its 
lower half. The gas stream has a temperature of at least about 
120° C., and optionally can have a temperature as high as 
200° C. or even higher. The gas and liquid streams are 
contacted in counter-current fashion within the column, 
whereby a substantial percentage of the water and volatile 
organics that are present in the liquid feed stream 54 are 
removed into the gas phase. A bottoms stream 58 is drawn 
from the column that contains the nitramine or intermediate 
(e.g., DAPT) and relatively little water (e.g., less than 10% 
by weight, preferably less than 5%, most preferably less than 
1%). An overhead stream 60 is also drawn from the column, 
and comprises air, water vapor, and vaporized organic 
compounds such as formaldehyde and acetic anhydride, and 
possible also some entrained liquid. 

This technique of using a stripper column allows the use 
of much hotter gas streams than can be used when the gas 
is merely passed over the surface of a pool of the liquid, 
while still avoiding or minimizing any degradation of the 
nitramine or intermediate. Therefore, this technique speeds 
the drying of the of the desired product. This approach is 
particularly usefll for drying a DAPT-containing liquor, 
which can otherwise form a bottleneck in the overall manu- 
facturing process. 

The alpha-HMX generated in the above-described pro- 
cesses has a unique crystalline or particulate form consisting 
of long libers. Without being bound by theory, it is believed 
that in some instances, the alpha-HMX particles take the 
form of elongated, flat sheets that roll up to form tubules 
having water trapped therein. Whether the particles are 
hollow or not, they generally are in the form of elongated 
fibers or rods, having an aspect ratio (length:diameter) of at 
least about 100:1, often as high as 1,000:1. The novel 
structure can be seen in FIG. 1, as contrasted to the material 
in FIG. 2 that was made by a prior art process. 

If desired, alpha-HMX can be converted into the beta- 
form by simply dissolving A-HMX in suitable organic 
solvent, providing beta-HMX crystals therein, and then 
evaporating the solvent. Examples of such solvents include 
acetone, cyclohexane, and a mixture of 20 % by weight 
gamma butyrolactone and 80% acetone. 

The alpha-HMX produced as described above has a 
relatively low bulk density, due to the small diameter and 
large aspect ratio of the fiber-like particles. This low bulk 
density makes it difficult to place the material into pressing 
fixtures. Also, because of the fiber-like structure of the 
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particles, even after being pressed, the bulk density tends not 
to be close to the maximum theoretical density. 

The HMX produced as described herein can be manipu- 
lated in several ways to produce useful mixtures, granules, 
5 and/or shaped articles that can optionally comprise one or 
more additional materials. These manipulations can increase 
the density, structural strength, explosive power, or other 
properties of the composition. One such manipulation is to 
coat alpha-H particles with a second material. The term 
1 ° “second material” is used generically herein to refer to 
materials (or mixtures of materials) other than alpha-HMX 
that can be combined with it in various ways. Examples of 
second materials that can be sorbed onto alpha-HMX 
include RDX, beta-HMX, TNT, ammonium nitrate, 
is aluminum, lithium hydride, and lithium aluminum hydride. 

For instance, a first set of alpha-HMX particles can be 
coated with a second material by sorbing that material on the 
HMX particles. A second set of alpha-HMX particles can be 
coated with a second material that is different from the one 
20 used to coat the first set of particles. The two sets of coated 
particles could then be mixed, and pressed into a shaped 
article. Alternatively, the two sets of coated particles could 
be made into separate articles or granules, which could then 

be combined in a single casing. 

25 

As yet another alternative, an article or granule made from 

HMX or coated HMX, which has void spaces therein, can 

have a second material (or a mixture of such materials) 

sorbed into those void spaces, and/or sorbed onto the surface 

of the article or granule. 

30 ° 

It would also be possible to sorb multiple layers of 
different materials onto a HMX-containing particle, granule, 
or article. The different layers could have, for example, 
different density, electrical conductivity, etc. The different 
, 5 layers could also be mixtures of HMX with different second 
materials. Persons skilled in the art will appreciate that these 
techniques can be used in myriad combinations to produce 
various particles, granules, and/or shaped articles that com- 
prise at least one second material in addition to alpha-HMX. 
40 Such particles, granules, and/or shaped articles will be 
referred to collectively herein as “HMX products.” 

One type of HMX product that is especially useful is a 
granule or shaped article that comprises, and preferably 
consists essentially of, alpha-HMX and aluminum. The 
45 latter provides a large quantity of heat when oxidized, and 
thus can be highly useful as part of an HMX product. 

The alpha-HMX produced as described herein is espe- 
cially well suited for mixing with aluminum powder, 
because its unique particulate form allows the ready forma- 
50 tion of a highly homogenous mixture. In contrast, prior art 
beta-HMX tends to form a relatively heterogeneous lid 
mixture with aluminum powder, thus degrading the explo- 
sive power of the beta-HMX rather than enhancing it. 

Although a wide variety of aluminum concentrations can 
55 be used in such mixtures with alpha-HMX, aluminum con- 
centrations of 0.1-20% by weight are usually preferred. One 
particularly preferred mixture comprises about 7% alumi- 
num having an average particle size of about three microns. 
Such a mixture of HMX and aluminum can be granulated or 
60 pressed into a shaped article, as described above. 

One highly attractive feature of such HMX products that 
comprise aluminum or some other second material is their 
structural integrity and strength. Such products can be 
formed into any desired shape (e.g., a right cylinder, a 
65 sphere, or a hollow cone) without the use of a separate 
binder, which would tend to dilute the energetic properties 
of the HMX. Although it may be useful to add a small 
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amount of graphite (e.g., less than 1% by weight) to aid in 
handling, no binder should be required. 

One particular method for increasing the bulk density of 
alpha-HMX involves treating alpha-HMX particles with a 
small amount of organic solvent (e.g., about 0.3-2.5 g of 
solvent per g of HMX, preferably about 0.4—0.85 g/g) which 
at significantly high temperatures (e.g., about 110° C. or 
higher, preferably about 110-150° C.) dissolves a relatively 
high mass of HMX per unit mass of solvent. Suitable 
solvents include gamma butyrolactone, other lactones, 
acetone, lactams, formamides, TMF, sulfoxides, and fluo- 
rocarbons (e.g., Freons). The quantity of solvent is inten- 
tionally restricted so that it will dissolve only a fraction (e.g., 
no more than about 10-20% by weight) of the total HMX so 
treated. The liquid containing the dissolved portion of the 
HMX fills at least some of the areas between the remaining 
undissolved fibers of the alpha-HMX. When the solvent is 
evaporated, the HMX that had been dissolved is then pre- 
cipitated out, filling at least some of the voids between the 
alpha-HMX fibers with solid crystals. 

Optionally, seed crystals of another polymorph of HMX 
can be present (e.g., beta-HMX). The seed crystals can be 
supplied by small amounts of other HMX polymorphs that 
may inherently be present as impurities in alpha-HMX. For 
example, as little as about 1% by weight (or even less) of 
beta-HMX in a composition that is predominantly (e.g., 
greater than about 99%) alpha-HMX can be sufficient. 

It is also possible to make fine particles of beta-HMX. For 
example, Class 5 beta-HMX can be made by dissolving 
HMX (that has been made as described herein) in a solvent 
such as boiling acetone, and then spray drying using con- 
ventional spray drying equipment, e.g., at a temperature of 
about 50° C. 

Without being bound by theory, it is believed that this 
process for producing fine beta-HMX works well because of 
the very high purity of the HMX used as the starting 
material. Class 5 beta-HMX is especially useful as a rocket 
propellant, and can be made using this technique much less 
expensively than by the conventional processes for direct 
synthesis of beta-HMX. 

Alpha-HMX particles can be agglomerated into granules 
having increased bulk density. In particular, the low-density 
alpha-HMX fibers can be converted to high-density 
granules, which are suitable for pressing into shaped charges 
and other durable shaped articles. Finished pressed articles 
may be prepared from such granules with a very high 
percent of the theoretical maximum density. No binders or 
additives of any kind are required. 

After drying the alpha-HMX, the mass of material is 
broken down into particulates having a desired size distri- 
bution. The desired size distribution can be effected by 
passing the starting material through a sieve. The sieved 
particulate material is then "dry stirred.” This is preferably 
done by stirring the particulates in a circular motion in the 
presence of a small amount (e.g., 0.001-0.5 g of solvent per 
g of HMX) of additional solvent that helps fluidize the entire 
mass. The quantity of solvent is less than what would cause 
the material to cake, because caking would prevent the fluid 
motion of the particles. A plurality of particulates agglom- 
erates to form a granule. In general, the smaller the 
particulates, the smaller the granules that will be formed. 
The fluidized motion of the solvent dampened particles 
causes the further compaction and rounding of each granule. 
During the stirring process, additional small amounts of 
solvent may be added to the moving bed of material, further 
softening the material and assisting the dynamic actions 
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which promote the formation of generally spherical HMX 
granules having increased bulk density. This process pref- 
erably is carried out by circulating the sieved material in a 
circular or elliptical channel in a vessel, so that centrifugal 
5 force helps cause the particles to agglomerate into denser 
granules. These granules are porous and permeable. 
Therefore, one or more second materials can be sorbed into 
the granules. It is also possible to coat the exterior of a 
granule with one or more second materials. Further, a 
to plurality of granules can be formed into an article having any 
desired shape, for example by pressing. The alpha-HMX 
granules in combination with one or more second materials 
will form an article that will retain its shape under normal 
handling, without the need for any binder or adhesive. 

15 HMX, and compositions containing Hi together with 
other materials, have many uses as explosives or propellants. 
For example, the oil industry uses HMX as an explosive in 
shaped charges for the perforation of well casings. Appara- 
tus and techniques for using such shaped charges for per- 
20 foration are well known. Examples of such perforation 
equipment and techniques are described in the following 
Schlumberger U.S. patents, each of which is incorporated 
here by reference: U.S. Pat. Nos. 5,911,277; 5,673,760; 
5,597,974; 5,505,134; and 5,355,802. 

The various aspects of the present invention can be further 
understood from the following examples. 

EXAMPLE 1 

30 (Preparation of DAPT) 

An open-top, 8-quart stainless steel pot equipped with an 
efficient mechanical stirrer is charged with 980 grams (7 
moles) of hexamine. Water (980 grams) is added to dissolve 
much of the hexamine. This hexamine/water slurry is cooled 
35 to approximately 0° C. To this, 490 grams of ice are then 
added. Acetic anhydride (530 grams, slightly more than 2 
moles) is then poured into the reaction vessel with rapid 
stirring over a period of about 30 seconds. The reaction is 
evidenced by the rapid melting of the ice in the reaction 
40 mixture. The reaction is finished within a minute or so after 
the acetic anhydride is added, and the product is ready for 
recovery and/or purification. 

Purification of the product can be accomplished by pass- 
ing steam over the reaction product in the reaction vessel. 
4:1 This heats the material and causes the acetic acid by-product 
to evaporate. Another by-product, a formaldehyde polymer- 
ization by-product, is also formed. To remove this polymer 
by-product and any remaining water, acetic acid, or other 
volatile material, the reaction mixture is heated to 130-140° 
50 C. for 20-30 minutes. The product is then cooled. DAPT can 
be isolated and recovered at this point by filtration, washing, 
and drying. The typical yield is 65-100%. 

EXAMPLE 2 

55 

(Conversion of DAPT to TAT) 

To 1482 g of cooled and purified DAPT, 1570 grams of 
acetic anhydride is added with rapid stirring. Careful control 
of cooling must be maintained in order to keep the system 
60 below reflux temperature (138° C.). After the initial 
exotherm, the temperature is kept at roughly 110-120° C. for 
2 hours. Conversion of DAPT to the ester intermediate 
(having three acetyl groups in addition to the one ester 
group) is complete at this point. 

65 Conversion of the ester to TAT (i.e., the tetraacetyl 
derivative) is accomplished by the addition of a catalytic 
amount (preferably less than five mole percent) of transition 
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metal oxides, and the addition of 126 grams (7 moles) of 
water. A combination of copper oxide and iron oxide is 
preferred for use as a catalyst in the reaction. The copper can 
be added in the form of copper wire, while the iron can be 
added in the form of steel wool. More water (1 mole per 
mole of hexamine in the DAPT, as opposed to isolated 
hexamine) is then added to the reaction mixture over a 
period of approximately 90 minutes. The temperature is then 
increased to 130-140° C. for 20-30 minutes, driving off any 
residual acetic acid, any remaining water, and other vola- 
tiles. The ester functionality is hydrolyzed, generating a 
primary alcohol and acetic acid. The alcohol quickly decom- 
poses to generate formaldehyde, which leaves the reaction 
mixture as a gas. The product formed is a secondary amine, 
which then reacts with a second mole of acetic anhydride to 
form TAT. 

TAT is isolated by placing the system in a rapidly flowing 
stream of air, with heating, which causes the volatile com- 
ponents to be removed. Once all volatile components have 
been removed, the temperature of the system will rapidly 
rise and should be allowed to reach 140-150° C. The heat is 
then removed from the system, but airflow should remain 
on, in order to cool the system. Once the system reaches 
70-90° C., acetone should be added (enough to increase the 
volume by about 20%), followed by a few milligrams of 
seed TAT crystals to facilitate crystallization. The crystal- 
lized product is then filtered, and washed with cool acetone. 
The crystalline product is then dried at 1 00° C. (removing 
any remaining water), and stored in an airtight container to 
prevent absorption of water. A quantitative yield of product 
is recovered as a solid. 

EXAMPLE 3 

(Preparation of AAHT) 

Hexamine is dissolved in a minimum of water (1:1 molar 
ratio) which is then cooled to ^ 10° C. A mass of ice equal 
to 'A the mass of hexamine is pre-cooled to about -30° C. 
This is then mixed with the pre-cooled hexamine solution, 
creating a slurry. To this slurry, 2 mole equivalents of acetic 
anhydride (also pre-cooled to -30° C.) are added. AAHT is 
formed within a minute, as is evidenced by the immediate 
melting of the ice, illustrating the exothermic nature of this 
reaction. 

Purification of AAHT is accomplished by heating the 
reaction vessel to a temperature above 130° C. in the 
presence of flowing air. This has the effect of driving off all 
volatile components, leaving the AAHT. The evaporation 
optionally can be done in a two-stage evaporation, as 
described above for recovery of DAPT. The AAHT can be 
isolated at this point or the synthesis can continue. 

EXAMPLE 4 

(Alternative preparation of AAHT) 

AAHT can also be produced utilizing hexamine hexahy- 
drate (referred to hereafter as hex — hex). 

One mole of hexamine is placed into 6 moles of water at 
room temperature. This mixture is then cooled to approxi- 
mately -30° C., forming hex-hex, a waxy solid that can be 
isolated and is quite stable. 

For AAHT synthesis, a quantity of hex-hex is cooled to 
-30° C., followed by the addition of slightly more than 2 
mole equivalents anhydride. The anhydride is also pre- 
cooled to approximately -30° C. before addition. There is a 
slow onset to the reaction, until it reaches approximately 
-15° C. at which point a rapid rise in temperature occurs. 



bringing the reaction to approximately 40-50° C. Purifica- 
tion is accomplished in the same manner as in Example 4. 

EXAMPLE 5 

5 

(Conversion of AAHT to TAT) 

Three moles of acetic anhydride are added per mole of 
AAHT, and the reaction mixture is then heated to 110-120° 
C. and stirred for 2 hours, completing synthesis of the 
1° diester. Removal of volatile components by evaporation 
allows isolation of the diester. 

Alternatively, instead of recovering the diester, it can be 
converted to TAT in situ as follows. The reaction mixture 
containing the diester is allowed to cool to room temperature 
(about 22° C.), and iron and copper oxide catalysts are added 
in the form of steel wool and copper wire. Special care must 
be taken to leave the reaction vessel uncovered so that the 
formaldehyde generated during the course of the hydrolysis 
can escape. Two moles water per mole of diester are then 
added over a period of about 90 minutes, at which point the 
hydrolysis is complete. The product, TAT, is purified by 
heating to 130-150° C. under an airjet for a period of 
approximately 20 to 45 minutes, which evaporates the acetic 
^ acid byproduct and any water that is coordinated to the TAT. 
The typical yield is 90-100%. 

EXAMPLE 6 

(Conversion of TAT to SOLEX) 

30 

To generate 100 grams of SOLEX, 150 grams of nitric 
acid (a five-fold reduction over the prior art method) is 
placed into an aluminum or plastic reactor. The reactor 
temperature is adjusted to 15° C. Crystalline TAT (100 
, 5 grams) is slowly added to the reaction vessel with efficient 
stirring. After the TAT has dissolved into the nitric acid, 24 
grams of phosphorus pentoxide is added. Care is taken to 
insure that the rate of stirring is sufficient to prevent clump- 
ing of the reagents; clumping can cause localized 
40 overheating, a potential hazard. The reaction is then stirred 
for about 1 hr, at which point 8 additional grams of phos- 
phorus pentoxide is added. Time lapses between additions of 
phosphorus pentoxide allow the heat of reaction to dissipate. 
The addition is repeated two more times, until a total of 48 
45 grams of phosphorus pentoxide has been added. This is a 
dramatic decrease in the amount of phosphorus pentoxide 
required by prior methods. The reaction temperature is kept 
between 20-25° C. during the course of the reaction. After 
the addition of phosphorus pentoxide is complete, the reac- 
so tion is stirred for approximately 5 hours until the reaction 
mixture begins to gel. At this point, the reaction is nearly 
finished and the reaction mixture is transferred to a 
temperature-controlled container and allowed to stand for 
24—48 hours at room temperature. Purification is accom- 
55 plished by filtering the material and washing it with copious 
amounts of hot water. The result of this process is a nearly 
quantitative yield of pure SOLEX. 

EXAMPLE 7 

(Alternative conversion of TAT to SOLEX) 

First 562.5 g of P205 are dissolved in 1,125 ml of nitric 
acid. Next 500 g of TAT are added in four increments of 125 
g each, with 30 minutes between each addition of TAT. The 
65 reaction mixture is maintained at about 30^-5° C., prefer- 
ably at about 37° C. The typical yield of SOLEX is well in 
excess of 90% (e.g., about 96%). 
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EXAMPLE 8 

(Conversion of SOLEX to alpha-HMX) 

To prepare 100 grams of HMX, 100 ml of nitric acid is 
added to an aluminum or plastic reactor. The contents of the 
vessel are cooled to approximately 15° C. 80 grams of 
phosphorous pentoxide are slowly added with stirring to the 
reactant mixture in the vessel, resulting in a temperature 
increase due to the exothermic formation of dinitrogen 
pentoxide. The rate of addition should be monitored to allow 
no more than a 10-20° C. increase in temperature. After the 
addition of the phosphorus pentoxide, the reaction vessel 
should be cooled to 10-20° C. After the addition of the 
phosphorous pentoxide is complete, 100 grams of SOLEX is 
rapidly stirred into the mixture, generating a viscous slurry. 
Care needs to be taken to ensure that the entire mixture is 
cooled, which is necessary to avoid the possibility of a 
fume-off. The mixture will continue to thicken during this 
time, so the mixture should be transferred to an aging 
container that has enough cooling surface to permit cooling 
without stirring. The mixture immediately begins to thicken. 
The reactant mixture is then transferred to a suitable con- 
tainer having temperature control apparatus. 

After aging for 24-48 hours, at room temperature, the 
reacted material is filtered and washed several times with 
fresh (deionized) hot water in a vacuum filter. This process 
should be repeated several times in order to insure complete 
purification. A quantitative yield of high purity alpha-HMX 
is obtained as a solid. 

EXAMPLE 9 

(Alternative conversion of SOLEX to HMX) 

First, 600 g of SOLEX are dissolved in 1,091 ml of nitric 
acid. To this mixture, 436.3 g of P 2 0 5 are added. After 
waiting 30 minutes, another 109. 1 g of P 2 0 5 are added. After 
waiting another 30 minutes, another 109.1 g of P 2 0 5 are 
added. The temperature of the reaction mixture is main- 
tained at about 30-45° C., preferably at about 37° C. The 
reaction is complete within about five hours, and the yield of 
HMX is usually about 95% or greater. 

EXAMPLE 10 

(Conversion of alpha-HMX to beta-HMX) 

The HMX product of Example 9, after being washed with 
water and dried, is a fluffy powder having a melting point of 
at least about 277° C. To 100 g of this HMX are added 300 
ml of acetone at a temperature of about 56° C. The HMX 
converts to beta-HMX within about five minutes. 

EXAMPLE 11 

(Adsorption of substrate onto alpha-HMX) 

TNT is dissolved in ethyl acetate or some other solvent. 
Either the solvent should be one in which HMX will not 
dissolve, or else the solvent should be substantially pre- 
saturated with TNT. The TNT solution is then contacted with 
alpha-HMX made as in Example 8. Drying causes the TNT 
to form a thin film or coating on the HMX. The amounts of 
TNT and HMX used can vary widely, but can suitably be, for 
example, 1:1 ratio by weight. 

EXAMPLE 12 

(Granulation of alpha-HMX) 

A quantity of alpha-HMX (400 g) is treated with a mixed 
solvent (235 g of 20% gamma butyrolactone, 80% acetone). 
To the resulting paste is added with stirring a small quantity 
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(1.6 g) of fine beta HMX seed crystals. The stirring is not 
elaborate and is complete in a few minutes. The resulting 
paste is placed as a shallow layer into a pan and the pan is 
placed in an oven at about 120-130° C. The paste is removed 

5 when dry in about 20 minutes. The dried paste is broken up 
and passed through a screen, e.g., a #14 sieve. The resulting 
powder is transferred to an agitator consisting of a cylindri- 
cal chamber with a stirrer or impeller. The particles are 
stirred so the whole bed is in motion and is flowing, fluidized 
but not violently so, and as the mixture is flowing a small 
amount of the solvent (e.g., 0.05 g of solvent per g of 
particulates) is added. The quantity of solvent is limited only 
by the fact that too much (e.g., about 10 g) will cause the 
particles to cake. The break point between acceptable and 

15 excessive amounts of added solvent is rather sharp (e.g., plus 
or minus a few drops of solvent). The material is treated in 
this manner for a few minutes, after which the material is 
removed from the agitator and dried in an oven at about 90° 
C. 

20 EXAMPLE 13 

(Crystallizing beta-HMX in alpha-HMX voids) 

HMX prepared as in Example 9 is dissolved in a solvent 
such as acetone. This solution is contacted with porous 
alpha-HMX particles made as in Example 8. Evaporation of 

25 the solvent causes crystallization of beta-HMX in the void 
spaces in the alpha-HMX particles. 

The preceding description of specific embodiments of the 
present invention is not intended to be a complete list of 
every possible embodiment of the invention. Persons skilled 
in this field will recognize that modifications can be made to 
the specific embodiments described here that would be 
within the scope of the present invention. 

What is claimed is: 

1. A process for preparing an HMX product, comprising 
the steps of: 

(a) providing a granule that comprises a plurality of 
alpha-HMX particles and which has internal void 
spaces; and 

40 (b) sorbing at least one second material into the void 

spaces in the granule. 

2. The process of claim 1, wherein the second material is 
sorbed into the granules by using a vacuum to draw a gas 
phase comprising the second material into the granule. 

4S 3. The process of claim 1, wherein the second material is 
sorbed into the granules by: 

(c) mixing the second material with a liquid solvent; 

(d) contacting the solvent with the granules; and 

(e) evaporating the solvent, whereby the second material 

50 is sorbed into the granules. 

4. The process of claim 3, wherein the solvent is an 
organic solvent. 

5. The process of claim 1, wherein the second material is 
an energetic material. 

55 6. The process of claim 5, wherein the energetic material 

is selected from the group consisting of beta-HMX, RDX, 
TNT, ammonium nitrate, and mixtures thereof. 

7. The process of claim 1, wherein the second material is 
a fuel. 

60 8. The process of claim 7, wherein the fuel is selected 

from the group consisting of aluminum, lithium hydride, 
lithium aluminum hydride, and mixtures thereof. 

9. The process of claim 1, further comprising coating the 
exterior of the granule with a second material. 

65 10. The process of claim 9, wherein the second material 

coated on the exterior of the granule is the same as the 
second material sorbed into the granule. 
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11 . The process of claim 9, wherein the second material 
coated on the exterior of the granule is different than the 
second material sorbed into the granule. 

12 . The process of claim 9 , wherein a plurality of coatings 
are applied to the exterior of the granule. 

13 . The process of claim 1 , wherein a mixture of at least 
two second materials are sorbed into the granule. 

14 . A process for preparing an HMX composition, com- 
prising the steps of: 

(a) contacting alpha-HMX granules having void spaces 10 
therein with an solvent in an amount from about 

0. 1-2.5 g of solvent per g of alpha-HMX, whereby a 
fraction of the HMX is dissolved; 

(b) providing beta-HMX crystals in the dissolved HMX; 
and 

(c) evaporating the solvent, whereby beta-HMX is depos- 
ited in void spaces of undissolved alpha-HMX par- 
ticles. 

15 . The process of claim 14 , wherein the solvent is an 
organic solvent. 

16 . The process of claim 14 , wherein the organic solvent 
is selected from the group consisting of acetone, 
cyclohexane, gamma butyrolactone, and mixtures thereof. 
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17 . The process of claim 14 , wherein the beta-HMX 
crystals are provided as part of the alpha granules. 

18 . The process of claim 17 , wherein the beta-HMX 
crystals comprise less than 1% by weight of the alpha-HMX 
granules. 

19 . The process of claim 18 , wherein the weight ratio of 
beta-H to alpha-HMX in step (b) is at least 1:1. 

20 . The process of claim 14 , wherein the beta-HMX 
crystals are providing by adding them to the solvent from an 
external source. 

21 . The process of claim 14 , wherein the amount of 
beta-HMX crystals provided in step (b) is no greater than 
about 1.0% by weight of the alpha-HMX. 

22 . The process of claim 21 , wherein the weight ratio of 
beta-HMX provided in step (b) to alpha-HMX is at least 1:1. 

23 . The process of claim 14 , wherein about 10-20% by 
weight of the alpha-HM is dissolved in step (a). 

24 . The process of claim 14 , further comprising the step 
of pressing the product of step (c) into a shaped article. 




